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The pesticide carbaryl is applied annually to tidelands in Willapa Bay and Grays
Harbor, WA to control populations of burrowing shrimp which modify sediments making
the habitat unsuitable for oyster culture. Fish trapped on sprayed mudflats are often killed,
but little is known about effects on fish present in subtidal channels or migrating over
treated mudflats with a flood tide. The purpose of this work was to determine the effect
of estuarine carbaryl applications on fish present in these areas. Field studies with caged
juvenile English sole (Pleuronectes vetulus) indicated that brain acetylcholinesterase
(AChE) activity is decreased following carbaryl application. Mean brain AChE inhibition
was 26% in fish placed on treated mudflats and 24% in fish placed subtidally. Maximum
individual values approached 50%. Maximum carbaryl water concentration measured by
HPLC was 1.2 ug/ml at the cage sites. Sediment concentrations on treated mudflats were
as high as 2300 ug/g OC 24 hrs post application. The concentration of carbaryl in
invertebrates collected from treated mudflats has been measured as high as 76 ug/g, and
English sole likely ingest these contaminated prey in the field. Laboratory studies
conducted to evaluate the effect of such an oral exposure indicated that brain AChE
activity is decreased with the ingestion of as little as 1% body weight of food pellets
spiked to field concentrations. AChE inhibition exceeding 25% is predicted in wild fish
based on the ingestion of average quantities of food (5% body weight) at average
measured concentrations (30 ug/g). Limited recovery occurs 24 hrs after exposure
indicating effects can be compounded with further ingestion. This oral exposure coupled
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CHAPTER 1 
INTRODUCTION 
STATEMENT OF PURPOSE 
The objective of this thesis was to examine the effect of commercial carbaryl 
applications in Willapa Bay and Grays Harbor, WA on resident fish. The application of 
carbaryl to exposed tidelands has been a controversial issue in recent years both in Oregon 
and Washington due to an absence of data on effects to non-target species (Washington 
Department of Fisheries and Washington Department of Ecology 1992, Buchanan et al. 
1985, Bakalian 1985). Several recent studies have attempted to address this question and 
have focused primarily on effects to benthic infauna and the commercially important 
Dungeness crab (Dumbauld 1994, Washington Department of Fisheries and Washington 
Department of Ecology 1992, Tufts 1990, Tufts 1989, Creekman and Hurlburt 1987, 
Hurlburt 1986). However, research studying the effect on resident fish is noticeably 
lacking. This thesis attempts to answer some of these outstanding questions regarding 
effects on fish and add to our general knowledge of acetylcholinesterase inhibitors and 
fisheries toxicology. 
Knowledge of the effect of estuarine carbaryl applications on fish is limited to 
counts of dead fish found on treated mudflats and laboratory LC50 data (Tufts 1990, 
Hueckel et al. 1988, Stewart et al. 1967). The effect on fish migrating through treated 
areas during flood tides is unknown as is the effect on fish present in nearby subtidal 
channels. Field studies with caged English sole (Pleuronectes vetulus) were used to 
determine the degree of exposure and effect on fish in these areas. Additional exposure 
through the ingestion of carbaryl contaminated prey is also possible. Feeding studies were 2 
therefore conducted in the laboratory with spiked food in order to estimate the biological 
effect of such an exposure. In both the field and feeding studies exposure was evaluated 
by measuring brain acetylcholinesterase (AChE) activity. AChE is a sensitive biomarker 
which integrates carbaryl exposure into an easily measured biological effect. The degree 
of this effect is directly related to exposure. Since AChE inhibition tells us little about 
survival or ecological implications of exposure which is the primary interest, controlled 
laboratory studies were conducted with ecologically important endpoints which were then 
related by linear regression to AChE activity. This made it possible to evaluate field 
exposure data in terms of an ecologically important endpoint which would otherwise be 
difficult or impossible to evaluate under field conditions. The ecologically important 
endpoints chosen for this analysis were the ability of English sole to bury in sediments and 
a component of the English sole nonspecific immune response. 
HISTORY AND RATIONALE FOR THE USE OF CARBARYL IN PACIFIC 
NORTHWEST ESTUARIES 
The pesticide carbaryl has been applied to oyster grounds in Willapa Bay and 
Grays Harbor, WA since 1963 to control populations of the burrowing shrimp Neotrypaea 
californiensis (previously Callianassa) and Ubogebia pugettensis (Simenstad and Fresh 
1995, Washington Department of Fisheries and Washington Department of Ecology 
1992). Carbaryl is applied as Sevin which is an 80% mixture of carbaryl to several 
hundred hectares of exposed tidelands annually with repeat applications to a given oyster 
bed required about every six years. The total area of Willapa Bay is 32,000 hectares of 
which 16,200 is intertidal. In 1997, approximately 250 hectares in Willapa Bay and 40 
hectares in Grays Harbor were treated with carbaryl (Tufts 1997). For Willapa Bay this 
represented approximately 0.8% of the total bay area. The typical application rate is 11.2 
kg/ha Sevin (9.0 kg/ha carbaryl) which is usually applied between June and August. 
Oysters are the primary fishery in Willapa Bay and an important industry for the 
region accounting for 65% of Washington state's oyster production in 1990 (Burrowing 3 
Shrimp Control Committee 1992). This was 20.5% of the total US oyster production. 
Oyster growers maintain that commercial oyster culture without some means of 
controlling burrowing shrimp would be virtually impossible, and that carbaryl represents a 
cost-effective means for doing this (Simenstad and Fresh 1995, Washington Department 
of Fisheries/Washington Department of Ecology 1992). 
Burrowing shrimp are problematic for oysters because they create a network of 
burrows in the sediment which at high shrimp densities results in large quantities of 
sediment ejected into the water column. This sediment subsequently smothers and 
asphyxiates oysters. The shrimp also cause a general softening of the sediment substrate 
which causes oysters to sink into the mud. 
Concerns regarding the application of a pesticide to the estuarine environment and 
its effects on non-target species necessitated the preparation of an Environmental Impact 
Statement (EIS) by the Washington Department of Fisheries and Department of Ecology 
(1985). The EIS identified several issues including effects on fish which warranted further 
study. This subsequent work was summarized in a Supplemental Environmental Impact 
Statement (Washington Department of Fisheries and Washington Department of Ecology 
1992). 
In Oregon carbaryl has been used historically to control burrowing shrimp, but due 
to a series of court rulings culminating in 1984, the use of carbaryl for this purpose is no 
longer permitted due to a lack of information on non-target effects (Bakalian 1985, 
Buchanan et al. 1985). In Oregon there is interest in using carbaryl for this purpose, and 
an application for a permit to spray carbaryl was submitted as recently as 1997. The 
permit was denied due to insufficient knowledge of non-target effects (Youngs 1998). 
FATE OF CARBARYL IN THE ESTUARINE ENVIRONMENT 
Carbaryl is relatively short-lived in the aquatic environment. The primary means of 
degradation in aquatic systems is hydrolysis with microbial and photo degradation 
relatively minor degradation pathways (Washington Department of Fisheries and 4 
Washington Department of Ecology 1992, Mount and Oehme 1981). Breakdown is 
accelerated at higher temperatures and higher pH. The primary degradation product of 
carbaryl is 1-naphthol which also is degraded rather quickly in the marine environment 
(Lamberton and Claeys 1970). 
The persistence of carbaryl in sediments is on the order of weeks with the majority 
either being degraded or flushed from sediments within 24 - 48 hours. Mean initial 
sediment concentrations have been measured at 83.5 ug/g following an application of 11.2 
kg/ha (Washington Department of Fisheries and Washington Department of Ecology 
1992). This decreased to 14.5 ug/g after 24 hrs, and was less than 0.02 ug/g after 16 
days. Lesser maximum concentrations have been measured following smaller application 
rates; however, the pattern of degradation has remained consistent with the majority of 
carbaryl disappearing from sediments within 24 - 48 hours (Dumbauld 1994, Tufts 1990, 
Tufts 1989). Carbaryl has been measured at 0.1 ug/g in sediments for as long as 42 days 
after application, but this study was conducted during winter when sediment temperatures 
were 5 -10 °C colder than when carbaryl is normally applied (Karinen et al. 1967). 
Carbaryl water concentrations depend on water depth and location relative to 
treated areas. Several studies measuring water concentration as the tide flooded treated 
mudflats have found high initial concentrations directly on treated mudflats which steadily 
decreased as the tide diluted and/or degraded carbaryl. Concentrations were generally 
undetectable in less than 60 minutes after the onset of tidal flooding of the sprayed 
mudflat. In a 1986 study which measured carbaryl concentrations as the tide flooded 
treated mudflats, the maximum initial concentration was 27.8 ug/ml in 4 cm of water 
which decreased to 9.3 ug/ml when the water depth was 25 cm (Tufts 1989). Carbaryl 
concentration decreased rapidly with further tidal dilution with a concentration of 0.6 
ug/ml measured when the water depth was 41 cm. Lesser maximum concentrations on the 
order of 8 ug/ml were measured at two other treated oyster beds during this particular 
study illustrating the bed to bed variability. A follow up study in 1987 found a maximum 
initial concentration of 18.8 ug/ml which decreased to 0.2 ug/ml after the tide had flooded 
the area to a depth of 46 cm (Tufts 1990). 5 
In general carbaryl is transported in the direction of tidal flow which is usually 
away from subtidal areas. Water samples collected off tract at water depths of 5 cm found 
carbaryl was transported by the tide with concentrations of 7.9 ug/ml measured 150 
meters (m) from the edge of a treated mudflat and 2.5 ug/ml a further 42 m away 
(Creekman and Hurlburt 1987). In 1986 carbaryl was measured at 0.8 ug/ml as far as 230 
m from treated mudflats. This same study measured carbaryl at the lower limit of 
detection (0.1 ug/ml) in samples collected 526 m from the treated area (Tufts 1989). In 
1987, at a distance of 91 m from a treated mudflat, 8.4 ug/ml carbaryl was measured in 28 
cm of water (Tufts 1990). This decreased to 2.8 ug/ml when the water depth reached 46 
CM. 
CARBARYL TOXICITY AND MECHANISM OF ACTION 
Carbaryl is a general use carbamate pesticide exerting toxicity by inhibiting the 
nervous system enzyme acetylcholinesterase (AChE) which normally hydrolyzes the 
neurotransmitter acetylcholine at cholinergic synapses. Toxicity results when sufficient 
enzyme becomes blocked by the pesticide so that acetylcholine accumulates at the 
synapse. Since cholinergic synapses exist throughout the autonomic, somatic, and central 
nervous system, toxicity can be manifested in many ways. Common symptoms include 
increased glandular secretion, gastrointestinal and muscular abnormalities, and central 
nervous system effects such as lethargy and mental confusion (Ecobichon 1996). 
Acetylcholinesterase poisoning in fish often leads to hyperactivity and exaggerated 
opercular movements, followed by rigidity, and eventually opercular paralysis (Zinkl et al. 
1991). Death is likely due to asphyxiation which results from the paralysis of respiratory 
muscles, bradycardia, and effects on the respiratory center in the brain. 
Carbaryl is a reversible inhibitor of acetylcholinesterase compared to the generally 
irreversible organophosphates. This distinction is important in terms of enzyme recovery. 
Carbaryl essentially acts as a poor substrate for the enzyme. Acetylcholine is generally 
hydrolyzed by AChE in a fraction of second while the half life of carbaryl hydrolysis is on 6 
the order of 40 minutes (Cranmer 1986). Therefore recovery from carbaryl exposure 
occurs relatively quickly once the exposure ends. This is not the case with 
organophosphates where recovery only occurs with the generation of new enzyme, a 
process which can take 20 - 30 days (Ecobichon 1996). 
Acetylcholinesterase inhibitors, given their neuromuscular mechanism of action, 
have been shown to affect a diverse range of behavior in fish including stamina (Cripe et 
al. 1984), social interaction and swimming activity (Saglio et al. 1996, Post and Leasure 
1974), ability to avoid predation (Hatfield and Anderson 1972), and feeding behavior 
(Sandheinrich and Atchinson 1990). Carbaryl specifically has been shown to decrease 
swimming capacity and increase vulnerability to predation in trout (Little et al. 1990) and 
cause a loss of schooling behavior in silverside (Weis 1974). 
Carbaryl has also been found to suppress humoral, cell-mediated, and nonspecific 
immune responses in rodents and compromise host resistance to parasitic, bacterial, and 
viral infection infectious agents (Rodgers 1992, Exon et al. 1987, Maroussem et al. 1986, 
Pipy et al. 1983). Laboratory studies of the effect of carbaryl on the fish immune system 
have found reduced spleen weights and splenic lymphocytes in lake trout and coho salmon 
after exposure (Zelicoff 1994). Increased susceptibility to a sporozoan parasitism after a 
carbaryl exposure of 0.1 ug/ml has also been documented (Dunier and Siwicki 1993). 
EFFECT OF CARBARYL ON NON-TARGET INVERTEBRATES 
The Supplemental Environmental Impact Statement and associated studies 
concluded that high mortality of invertebrates occurs on sprayed mudflats (Simenstad and 
Fresh 1995, Dumbauld 1994, Washington Department of Fisheries and Washington 
Department of Ecology 1992, Tufts 1990, Hueckel et al. 1988). Burrowing shrimp 
mortality is variable ranging up to 100% on sprayed mudflats. Reductions in the numbers 
of other species is variable depending on species sensitivity. In general crustacea are the 
most sensitive taxa with many species nearly eliminated from treated mudflats in the short 
term. Species found dead after carbaryl application include clam species, Dungeness crab, 7 
amphipods, crangon shrimp, oligochaetes, cumaceans, and polychaetes. Crab mortality 
has been documented as far as 213 m away from treated areas (Washington Department of 
Fisheries and Washington Department of Ecology 1992). 
Dungeness crab are the most important commercial species affected by carbaryl 
application. Crab suffer high mortality as a result of being sprayed directly or by ingesting 
contaminated prey. Virtually all crab on sprayed mudflats are killed with an additional 
percentage killed ofitract either by pesticide drift or carbaryl ingestion (Simenstad and 
Fresh 1995, Washington Department of Fisheries and Washington Department of Ecology 
1992). However, these studies have found that the overall impact of the oyster industry 
on crab is minimal because oyster shell placed on shrimp dominated mudflats creates crab 
habitat which previously did not exist. 
EFFECT OF CARBARYL ON RESIDENT FISH 
Several studies were conducted by the Washington Department of Fisheries to 
determine the effect of estuarine carbaryl applications on resident fish. This research was 
limited to counting dead fish along transects on treated mudflats and the calculation of 
mortality estimates. In general fish caught in tidepools on treated mudflats are usually 
killed. Hueckel et al. (1988) counted dead fish along transects on treated mudflats and 
estimated 1209 fish/ha were killed as a result of carbaryl application. Tufts (1990, 1989) 
also counted dead fish in 26 separate plots measuring 3.3 m x 33.3 m and estimated 
mortality at 93 fish/ha in 1986 and 46 fish/ha in 1987. Fish found dead after spraying 
included juvenile English sole (Pleuronectes vetulus), starry flounder (Platichthys 
stellatus), sand sole (Psettichthys melanostictus), juvenile ling cod (Ophiodon elongatus), 
shiner perch (Cymatogaster aggregata), bay goby (Lepidogobius lepidus), threespine 
stickleback (Gasterosteus aculeatus), and staghorn sculpin (Leptocottus armatus). 
Sublethal effects on fish present in subtidal channels or migrating over treated mudflats 
during a flood tide have not been studied. 8 
LIFE HISTORY OF ENGLISH SOLE AND REASON FOR SELECTION AS A
 
TEST SPECIES 
English sole (Pleuronectes vetulus) is a flatfish common to the Pacific Northwest 
and is an important component of the commercial trawl fishery (Lassuy 1989). The life 
history of this species includes a short residence time in Pacific Northwest estuaries as 
juveniles. Adults typically lay eggs in offshore coastal areas. After hatching the pelagic 
larvae are transported by currents to nearshore areas and most eventually migrate into 
estuaries in the Spring and early Summer (Gunderson et al. 1990). After several months 
in the estuary juveniles usually migrate back offshore in October and November. 
Since juvenile sole are one of the dominant fishes in the estuary at the time of 
carbaryl application this species is potentially exposed. Dead English sole have in fact 
been collected from carbaryl treated mudflats (Hueckel et al. 1988). As a flatfish which 
typically buries in sediments, this species is also potentially in physical contact with 
contaminated sediments during flood tides as they migrate over treated beds foraging for 
prey. Prey commonly consumed by sole are routinely killed by carbaryl application so 
there is also potential for oral exposure from the ingestion of contaminated prey. 9 
CHAPTER 2 
ACETYLCHOLINESTERASE INHIBITION IN
 
ENGLISH SOLE (PLEURONECTES VETULUS) RESULTING
 
FROM CARBARYL APPLICATION TO ESTUARINE MUDFLATS
 
ABSTRACT 
The pesticide carbaryl is applied annually to tidelands in Willapa Bay and Grays Harbor, 
WA to control populations of burrowing shrimp which modify sediments making the 
habitat unsuitable for oyster culture. Fish trapped on sprayed mudflats are often killed, but 
little is known about effects on fish present in subtidal areas or migrating over treated 
mudflats with a flood tide. This study investigated the sublethal effect of commercial 
carbaryl applications on juvenile English sole (Pleuronectes vetulus) which were placed in 
cages on treated oyster beds and in an adjacent subtidal channel. Cages were retrieved 
between 6 and 24 his after carbaryl application and English sole brain acetylcholinesterase 
(AChE) activity measured by radiometric assay. Maximum carbaryl water concentration 
measured by HPLC was 1.2 ug/ml at the cage sites. Sediment concentrations on treated 
mudflats were as high as 23 ug/g OC 24 hrs post application. Mean brain AChE inhibition 
was 26% in fish placed on treated mudflats and 24% in fish placed in the subtidal channel. 
Maximum inhibition was 48%. Sublethal effects including behavioral and locomotor 
related abnormalities are possible within this range of AChE inhibition. 10 
INTRODUCTION 
The anticholinesterase pesticide carbaryl (Sevin) is currently used to control 
populations of the burrowing shrimp Neottypaea californiensis and Ubogebia pugettensis 
on oyster beds in Washington state estuaries. Shrimp are problematic because at high 
densities the resulting bioturbation and burrowing activity either buries oysters or softens 
the sediment substrate to the point where oysters sink into the mud and asphyxiate 
(Washington Department of Fisheries and Washington Department of Ecology 1992, 
Simenstad and Fresh 1995). Several hundred hectares of exposed tidelands in Willapa Bay 
and Grays Harbor are sprayed annually with repeat applications to a given oyster bed 
required about every six years. In 1997, approximately 250 hectares in Willapa Bay and 
40 hectares in Grays Harbor were treated (Tufts 1997). 
The use of carbaryl to control shrimp is controversial due to concern over effects 
on non-target species. High mortality of invertebrates is known to occur, and fish caught 
in tidepools on treated mudflats are usually killed (Simenstad and Fresh 1995, Dumbauld 
1994). Hueckel et al. (1988) counted dead fish along transects on treated mudflats and 
estimated 1209 fish/ha were killed as a result of carbaryl application. Tufts (1989,1990) 
also counted dead fish in 26 separate plots measuring 3.3 m x 33.3 m and estimated 
mortality at 93 fish/ha in 1986 and 46 fish/ha in 1987. Fish found dead after spraying 
included juvenile English sole (Pleuronectes vetulus), starry flounder (Platichthys 
stellatus), sand sole (Psettichthys melanostictus), juvenile ling cod (Ophiodon elongatus), 
shiner perch (Cymatogaster aggregata), bay goby (Lepidogobius lepidus), threespine 
stickleback (Gasterosteus aculeatus), and staghorn sculpin (Leptocottus armatus). 
The effect on fish migrating over treated mudflats with a flood tide is unknown as 
is the effect on fish in nearby subtidal areas. Carbaryl has been measured in sediments as 
long as 42 days after application so the potential for repeated or extended exposure exists 
(Karinen 1967). Demersal species such as English sole might be particularly vulnerable as 
they are in physical contact with contaminated sediment. Studies with English sole and 
sediments contaminated with PAH's have found that exposure does occur with resultant 
sublethal effects (Stein et al. 1992). Fish present in subtidal channels adjacent to treated 11 
mudflats are potentially exposed as a result of aerial drift from the helicopter application 
or tidal transport of carbaryl from sprayed mudflats. 
The purpose of this research was to determine the effect of commercial carbaryl 
applications on fish present in these areas. Juvenile English sole (Pleuronectes vetulus) 
which are common in Northwest estuaries at the time of application were placed in cages 
directly on treated mudflats and in an adjacent subtidal channel in Willapa Bay and Grays 
Harbor, WA. Since carbaryl is a potent acetylcholinesterase (AChE) inhibitor, fish were 
analyzed for brain AChE activity to determine the sublethal effect from this type of 
exposure. English sole were also collected by otter trawl along the perimeter of sprayed 
oyster beds and similarly analyzed. 
MATERIALS AND METHODS 
Subtidal channel cage study, Grays Harbor 7/96 
Ten cages 60 cm square by 30 cm high constructed of a 1 inch PVC frame covered 
with 1 /2" mesh were staked in a large subtidal channel at low tide (depth = 40 cm) 
approximately 10 meters from the edge of an oyster bed in Grays Harbor, WA (latitude 
46° 53', longitude 124° 04'; Figure 2.1). Juvenile English sole (63.7 mm, SE = 2.4) were 
collected from the immediate area by beach seine and placed in the cages (2 per cage) 24 
hrs prior to application. Sevin was then applied to the exposed oyster bed by helicopter at 
a rate of 11.2 kg/ha (9.0 kg/ha carbaryl). Cages were retrieved at high tide roughly 6 hrs 
post application. This protocol was replicated at the same location two days prior to 
application in order to obtain control values from unexposed fish. Twelve fish were 
retrieved from control cages, and 14 fish were retrieved after carbaryl was applied. Fish 
were immediately frozen and kept on dry ice until return to the laboratory in Newport, OR 
where samples were stored at -20°C until analysis for brain AChE activity. 12 
Figure 2.1  Map Of Willapa Bay and Grays Harbor showing locations 
of field studies. 
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Washington 
Oregon 13 
Water samples were collected from the cage sites (n = 5) prior to tidal flooding of 
the bed approximately 60 min after the aerial application and at 30 min intervals after the 
tide had begun to flood the sprayed mudflat. Water samples were collected just above the 
sediment by extending a 2 meter PVC pipe into the water until a metal plate attached 7 cm 
from the end of the pipe impacted the bottom. A rubber stopper inserted into the top end 
of the pipe was then removed allowing water just above the sediment to enter the pipe. 
The pipe was then quickly brought to the surface and a sample of the water exiting the 
pipe collected. Statistical analysis was carried out using SAS software, release 6.12 (SAS 
1991). The general linear models procedure was used to generate a one way nested model 
comparing brain AChE activities of caged fish retrieved before and after application. 
AChE inhibition values were calculated based on the control mean. 
Cage study on treated mudflats, Willapa Bay 7/97 
Twelve cages were staked to two oyster beds (6 per bed) with different sediment 
compositions, and the bottoms covered with 1- 2 cm of sediment 24 hrs prior to a 
commercial carbaryl application in Willapa Bay, WA (latitude 46° 30', longitude 124° 01'; 
Figure 2.1). Juvenile English sole (84.8 mm, SE = 2.2) were collected by otter trawl from 
a nearby channel immediately prior to application and maintained in large plastic barrels. 
Sevin was then applied to the exposed oyster beds by helicopter at 11.2 kg/ha (9.0 kg/ha 
carbaryl). After the tide had flooded the treatment area to a depth of approximately 30 
cm, sole were added 2 per cage. Two cages were retrieved from each bed 6, 12, and 24 
hrs post application corresponding with the semidiurnal tidal cycle. Only two fish were 
retrieved from the 24 hr cages. Fish were processed as described above. To obtain 
control values, the experiment was replicated two days prior to carbaryl application with 
the exception that only a 6 hr time point was obtained for bed 1. 
Water samples were collected at each cage site when fish were added and when 
cages were retrieved. When the tide level was less than 30 cm, samples were collected by 
placing an inverted collection vial in the water and allowing it to fill approximately 7 cm 14 
above the sediment. At higher tide levels, water samples were collected with a 2 meter 
PVC pipe as described previously. Sediment samples were collected from the exposed 
bed at the cage sites with a manual corer 18 mm in diameter to a depth of 5 mm 1 hr and 
24 hrs after carbaryl application. Water and sediment samples were acidified (pH = 3) and 
stored at 4°C and -20°C respectively until analysis for carbaryl by HPLC. Additional 
sediment samples were collected from each cage site prior to carbaryl application and 
stored at 4°C for determination of total organic carbon (TOC), grain size, and total solids. 
Brain AChE activities were compared using the general linear models procedure in 
SAS (SAS 1991). A three factor nested model with interaction terms for time and bed 
was generated. The mean for all control fish was used to calculate percent AChE 
inhibition values. Sediment concentrations between the two mudflats after 24 hrs were 
compared with the Mann-Whitney rank sum test (Sokal and Rohlf 1995). 
Collection of English sole by otter trawl, Willapa Bay 7/97 
English sole (77.6 mm, SE = 3.3) were collected near the edge of two treated 
oyster beds with a 5 meter otter trawl 6 and 24 hrs following carbaryl application. These 
trawls were conducted 20 - 50 meters from the perimeter of the treatment area and were 
less than 10 minutes in duration. No fish were caught near bed 2 at the 6 hr time point. 
Fish were processed as described above. Brain AChE activities were compared by 
analysis of variance (ANOVA) to controls caught two days before application. Multiple 
comparisons were tested by the Tukey-Kramer method. 
Determination of brain acetylcholinesterase activity 
Samples were thawed, whole brains removed, diluted at a ratio of 1:5 (w/v) with 
NaPO4 buffer, and homogenized in a glass tissue homogenizer chilled in ice. Samples 
were then immediately analyzed for AChE activity according to the method of Johnson 15 
and Russell (1975) as modified by Nostrandt et al. (1993) (Appendix B). All samples 
were run in duplicate. The reaction took place in a 7 ml scintillation vial to which 5 ul 
brain tissue and 75 ul KPO4 buffer was added (Blanks contained 80 ul buffer). The 
reaction was initiated by the addition of 20 ul of the substrate solution which contained 6 
mM acetylcholine iodide (ACM) and 5 uCi/m13H ACM (55.20 mCi/mmol, Dupont, NEN). 
Final concentrations were 1.2 mM ACM and 1.0 uCi/m13H per 100 ul reaction volume. 
The reaction mixture was vortexed, incubated at 20°C for 1 minute, and stopped with 100 
ul chloroacetic acid. Five ml of a toluene based scintillation cocktail was then added, the 
solution vigorously mixed and counted in a Packard TRI-CARB 2000CA liquid 
scintillation analyzer (see Appendix A.1 and A.2 for QA/QC). 3H counting efficiency was 
62% as determined by an external quench standard. 
Analytical chemistry 
Water and sediment samples were analyzed for carbaryl by HPLC (Hewlett 
Packard 1050 Series isocratic pump and variable wavelength detector) at 210 nm using a 3 
um, C18 Beckman Ultrasphere analytical column according to the method of Strait et al. 
(1991) (Appendix D). Unknowns were compared against an external standard curve 
(Absolute Standards, Inc) with a lower limit of detection of 10 ng/ml. 
Water samples were filtered with a 0.45 um syringe filter and then injected without 
further cleanup (see Appendix A.3 for QA/QC). Sediment samples were extracted using 
sonication with acetonitrile according to the method of ()much and Schroeder (1986) 
(Appendix E). Samples were concentrated by rotary evaporation with subsequent cleanup 
on C18 Bakerbond solid phase extraction columns. The solvent was then exchanged to 
methanol after nitrogen evaporation and filtered with a 0.45 um syringe filter before HPLC 
injection. Recovery was greater than 80% (Appendix A.4 and A.5). Concentrations are 
reported on a dry weight basis and have not been corrected for extraction. 
Total organic carbon (TOC) was determined by the combustion method using a 
Perkin Elmer 2400 CHN elemental analyzer after acidifying samples to remove carbonates 16 
(Plumb 1981). Sediment grain size was determined according to the sieve and pipette 
method (Buchanan 1984), and reported as percent sand or larger (< 40), silt (4 - 84)), and 
clay (> 84)). Total solids were determined by weight loss from wet samples at 103°C 
(American Public Health Association, et al. 1985). 
RESULTS 
Subtidal channel cage study, Grays Harbor 7/96 
Brain AChE activity in fish retrieved after carbaryl application from cages placed in 
a subtidal channel adjacent to carbaryl treated mudflats was significantly different from 
controls retrieved before application (p < 0.0001; Figure 2.2, Table 2.1). Mean brain 
AChE inhibition was 24% (SE = 2.7%). One mortality occurred and appeared to be the 
result of carbaryl exposure as this fish had flared opercula, a characteristic sign of 
cholinesterase poisoning. Brain AChE inhibition in this fish was 46% which was the 
maximum inhibition measured in this study. 
Bottom water carbaryl concentrations ranged from an initial peak of 0.40 ug/ml 
(SE = 0.13) in samples collected 1 - 2 hrs post application before the tide began to flood 
the treatment area to between undetectable levels and 0.03 ug/ml 90 min later when the 
bed was partially flooded. Concentrations ranged between undetectable and 0.03 ug/ml 
for the remainder of the study. 
Cage study on treated mudflats, Willapa Bay 7/97 
Brain AChE activity in fish retrieved after carbaryl application from cages placed 
directly on treated mudflats was statistically different from control fish (p < 0.0001; Figure 
2.3, Table 2.2). Mean brain AChE inhibition was 26% (SE = 2.9%) when data from each 17 
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Figure 2.2. Mean brain acetylcholinesterase (AChE) activity of 
caged English sole placed in a subtidal channel adjacent 
to a carbaryl treated oyster bed, Grays Harbor 7/96 
(* significant at P < 0.001, error bars = SEM). 18 
Table 2.1. ANOVA table generated from SAS GLM procedure for Grays Harbor caged 
fish study. 1996. 
Source 
Model 
Error 
Corrected Total 
DF 
24 
20 
44 
Sum of Squares 
4,155,122,479 
69,995,312 
4,225,117,792 
Mean Square 
173,130,103 
3,499,766 
F Value 
49.47 
Pr > F 
0.0001 
R-Square 
0.983 
C.V. 
3.377 
Root MSE ACHE Mean 
1871  55404 
Source 
Experiment 
Cage 
Fish 
DF 
1 
15 
8 
Type Ill MS 
2,681,424,265 
84,806,526 
88,708,709 
Denominator 
DF 
15.56 
8.00 
20 
Denominator 
MS 
78,446,900 
89,154,001 
3,499,766 
F Value 
34.181 
0.951 
25.347 
Pr > F 
0.0001 
0.5568 
0.0001 19 
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Figure 2.3. Mean brain acetylcholinesterase (AChE) activity of caged 
English sole placed directly on carbaryl treated mudflats in 
Willapa Bay, WA. Cages were retrieved 6, 12, and 24 hr 
post application (treatment significant at P < 0.0001, error 
bars = SEM). 20 
Table 2.2. ANOVA table generated from SAS GLM procedure for Willapa Bay caged 
fish study. 1997. 
Source 
Model 
Error 
Corrected Total 
DF Sum of Squares  Mean 
Square 
41 
41 
82 
9,736,944,149 
588,667,565 
10,325,611,714 
237,486,443 
14,357,745 
F Value 
16.54 
Pr > F 
0.0001 
R-Square 
0.943 
C.V. 
6.315 
Root MSE 
3789 
ACHE 
Mean 
60004 
Source 
Experiment 
Bed 
Time 
Experiment*Bed 
Experiment*Time 
Cage 
Fish 
DF 
1 
1 
2 
1 
2 
14 
20 
Type IR MS 
3,934,255,658 
12,171,017 
28,483,533 
33,540,609 
368,080,219 
130,354,965 
62,306,193 
Denominator 
DF 
15.62 
14.29 
15.64 
14.18 
15.96 
20.01 
41 
Denominator 
MS F Value 
122,483,815  32.121 
128,394,008  0.095 
123,039,384  0.232 
129,241,334  0.260 
121,893,017  3.020 
62,275,641  2.093 
14,357,745  4.340 
Pr > F 
0.0001 
0.7626 
0.7960 
0.6183 
0.0772 
0.0640 
0.0001 21 
bed and all time points are combined. Maximum inhibition measured was 48%. Sole 
collected after 6 hrs exhibited a greater mean inhibition (33%), however, this was not 
statistically different from the other time points (p = 0.08). There was no statistical 
difference in brain AChE between the two oyster beds after carbaryl was applied (p = 0.6). 
There were also no statistical differences between any of the control samples across the 
various time points or between the two treatment areas. 
Maximum sediment carbaryl concentration immediately after application was 126 
ug/g OC. Sediment concentrations 24 hrs post application ranged from 0.2 - 23 ug/g OC, 
and tended to be lower in samples collected from sediments with lower total organic 
carbon (TOC) and lower percentages of clay and silt (p < 0.05, Table 2.3). 
Water carbaryl concentrations were similar between the two oyster beds except at 
the initial time point when all samples collected from the sandy bed (0.05 - 1.2 ug/ml, n = 
3) were higher than those collected from the bed with a higher percentage of TOC and 
clay/silt (< 0.01 - 0.02 ug/ml, n = 3). Mean carbaryl concentration after 6 hrs (high tide) 
was 0.02 ug/ml, after 12 hrs (higher low tide) the mean was 0.05 ug/ml, and at the next 
days lower low tide roughly 24 hrs post application mean water concentration was 0.04 
ug/ml as the tide receded from the sprayed mudflat. 
Brain acetylcholinesterase in English sole collected by otter trawl 
English sole collected by otter trawl in subtidal areas following carbaryl application 
in Willapa Bay also had statistically significant decreases in brain AChE activity compared 
to control fish (Figure 2.4). Mean inhibition in fish collected after 6 hrs was 8% (SE = 
4%) which was not significantly different from controls. No English sole were found in 
the vicinity of bed 2 after 6 hrs. Mean inhibition in fish collected after 24 hrs was 16% 
(SE = 2%) and 12% (SE = 2%) which were statistically different from control fish. 
Maximum inhibition measured was 27%. 22 
Table 2.3. Sediment chemistry data (mean + SE) for carbaryl treated mudflats, Willapa 
Bay, WA. 1997. Carbaryl concentrations are significantly different at p = 0.1 
(n = 6). 
%  % sand  % silt  % clay  %  carbaryl (ug/g OC) 
TOC  ( < 40)  (4 - 80)  ( > 80)  solids  after 24 hrs 
bed 1  1.15  (0.10)  61.2  (3.1)  23.0 (1.7)  15.9  (1.4)  55.1  (1.9)  8.13 (2.91) 
bed 2  0.18  (0.01)  92.4  (0.5)  2.5 (0.5)  5.1  (0.7)  72.6  (0.6)  2.39 (0.78) 23 
control  6 hr  24 hr  24 hr 
bed 1  bed 1  bed 1  bed 2 
Figure 2.4. Mean brain acetylcholinesterase (AChE) activity of English 
sole collected by otter trawl along the perimeter of a carbaryl 
treated mudflat 6 hr and 24 hr after application, Willapa Bay 
7/97 (* significant at P < 0.05, error bars = SEM). 24 
DISCUSSION
 
The benefits of using caged fish include a known exposure history which can be 
evaluated along with measured effects. However, placing fish in cages eliminates any 
movement between sprayed and unsprayed areas which might be expected in wild fish. 
Placing caged fish directly on treated mudflats as in the Willapa Bay study might then be 
considered a worst-case direct exposure scenario. However, since fish in this study were 
added to cages after the tide had already flooded the area to a depth of 30 cm, these data 
may actually underestimate exposure to fish migrating over treated mudflats with the 
leading edge of the tide. Data from previous studies indicates these fish would likely 
encounter higher carbaryl concentrations than the caged fish in the present study (Tufts 
1990, Tufts 1989). Caged fish also are not likely feeding due to the increased stress 
associated with caging. This assumption was confirmed by an analysis of gut contents 
from caged English sole. Exposure from the ingestion of contaminated prey would 
therefore not be reflected in these data. 
Exposure assessment 
Subtidal channel 
Since maximum subtidal carbaryl concentrations occurred before any tidal flooding 
of the sprayed mudflat, this suggests aerial drift from the helicopter application occurred. 
It is estimated that concentrations within this range (0.4 ug/ml) persisted for at most 3 hrs 
after which time the incoming tide diluted and/or dispersed carbaryl to levels ranging from 
undetectable to 0.03 ug/ml. Aerial drift is controlled somewhat by the requirement that 
wind speeds remain below 10 mph before spraying (Washington Department of Fisheries 
and Washington Department of Ecology 1992), but these data suggest it is difficult to 
eliminate drift entirely. 25 
Previous studies have found that carbaryl can be transported away from treated 
mudflats by the incoming tide with concentrations as high as  7.9 ug/ml measured 170 
meters from the edge of a treated oyster bed (Tufts 1990).  In general carbaryl is 
transported in the direction of tidal flow which is usually away from subtidal areas. 
However it is possible that in certain locations the geomorphology of the mudflat could 
lead to the subtidal transport of carbaryl. In the Grays Harbor study cages were placed 
such that when the tide completely flooded the mudflat, tidal flow and thus any transport 
of carbaryl by the tide was in the direction of the caged fish. Since there was no 
noticeable increase in carbaryl concentration at the cage sites after the mudflat was 
completely flooded, this suggests minimal transport of carbaryl into the nearby subtidal 
channel occurred at this location. The primary route of subtidal exposure in the Grays 
Harbor study therefore seemed to be aerial drift of the helicopter application rather than 
tidal transport of carbaryl. 
As treated mudflats are drained during subsequent low low tides further exposure 
to fish in subtidal regions is possible. Since concentrations measured in these receding 
waters (0.04 ug/ml) were an order of magnitude below peak concentrations immediately 
after application and further dilution would be expected, any resulting AChE inhibition in 
fish present in these subtidal channels would likely be less than that measured in the Grays 
Harbor study. 
Directly over treated mudflats 
The rapid decrease in carbaryl sediment concentrations after 24 hrs measured in 
the present study generally agrees with previous reports in which similar rapid decreases 
were found over this time frame (Dumbauld  1994, Washington Department of Fisheries 
and Washington Department of Ecology 1992).  The difference in carbaryl concentration 
between the two mudflats in the Willapa Bay study after 24 hrs indicates that sediments 
with greater TOC and clay/silt likely retain carbaryl longer than sediments which are 
predominantly sand. After normalization for TOC, sediments with a higher clay/silt 26 
fraction contained higher carbaryl concentrations after 24 hrs (Table 2.3). Dumbauld 
(1994) also found higher carbaryl concentrations in muddier sediments. The significance 
of this for resident fish is unclear. In the Willapa Bay study there was no difference 
between brain AChE activities in fish collected from the two treatment areas indicating 
that the difference in carbaryl retention between the two sediment types was not an 
important factor in determining the magnitude of effect on these fish. The sorption of 
carbaryl to sediments has likely occurred limiting its bioavailability to fish (Karickhoff and 
Morris 1987). Sediment concentrations may therefore be insignificant compared to water 
exposure. It is possible the length of effects or the time required for fish brain AChE 
recovery might be prolonged in areas with muddier sediments due to feeding and 
incidental ingestion of sediments, but further studies would be required to confirm this. 
The variable water concentrations initially measured as the tide flooded the mudflat 
also agrees with data from previous studies in which concentrations between 0.0 and 1.1 
ug/ml were measured at similar tide levels (Tufts 1990). The higher carbaryl water 
concentrations detected over the sandy mudflat might be expected if carbaryl is retained to 
a higher extent in muddier sediments as suggested by Table 2.1. However, since this 
measured difference was not reflected in fish AChE activities, it may only be a function of 
the small sample size and the inherent variability due to the irregular nature of tidal 
flooding across the mudflat. Tidal flooding is dependent on the grade and contours of the 
mudflat and can lead to local hot spots which constantly shift with the incoming tide. In 
one study a concentration of 9.3 ug/ml was measured when the water depth was 25 cm 
(Tufts 1989). 
Carbaryl was measured in overlying water for the duration of the 24 hr Willapa 
Bay study suggesting the sediment served as a reservoir for the pesticide. Given the low 
concentration in sandy sediments after 24 hrs, it is unlikely these sediments could serve as 
a source for carbaryl much beyond this time. Higher concentrations measured in 
sediments with higher TOC and clay/silt indicate these sediments could be a continued 
source of carbaryl although much of this is likely bound to sediments and would not 
readily enter the water column (Karinen 1967). 27 
Trawl data 
English sole collected by otter trawl have an unknown exposure history. 
However, trawl data from the present study indicate free roaming wild fish caught at some 
distance from treated mudflats show statistical differences in brain AChE activity with 
several fish having inhibition greater than 20%. 
Laboratory studies have found that fish do not avoid carbaryl (Hansen 1969). The 
present study suggests English sole may have in fact been attracted to carbaryl treated 
areas perhaps by the abundant invertebrates killed by the pesticide. Although the trawls 
conducted in this study were not quantitative, several trawls conducted near the second 
bed before carbaryl was applied and 6 hrs post application failed to produce sole while 24 
hrs post application sole were collected in high numbers from this location. A previous 
study using quantitative trawls also reported a spike in the number of English sole 
collected over a carbaryl treated mudflat (Tegelberg and Magoon 1970). 
English sole collected over treated areas following carbaryl application have been 
reported to feed on a variety of invertebrates (Hueckel 1988). Since carbaryl 
concentrations as high as 76 ug/g have been measured in dead invertebrates (Tufts 1990), 
and sole commonly ingest sediment during feeding (Varanasi 1989), the ingestion of 
contaminated prey and/or sediment may be an important route of exposure in wild fish. 
Analysis of effects 
In general fish are an order of magnitude more resistant to carbaryl than crustacea 
with LC50's ranging from 1-7 ug/ml for several species (Zinkl et al. 1987, Stewart et al. 
1967). A 24 hr LC50 for carbaryl and English sole of 3.2 - 5.0 ug/ml has been published 
(Stewart et al. 1967). Although this report did not include measures of AChE activity, we 
have found that 90% AChE inhibition is an approximate threshold for mortality in this 
species. This agrees with literature reports describing the degree of AChE inhibition in 28 
fish associated with mortality from exposure to carbaryl and other AChE inhibitors (Zinkl 
et al. 1991, Murty and Ramani 1992, Zinkl et al. 1987, Coppage 1977, Coppage and 
Matthews 1974). Although one mortality did occur and the condition of the fish 
suggested death was due to carbaryl toxicity, the levels of AChE inhibition (< 50%) 
measured in this study were below this 90% threshold. It should be noted that this single 
mortality had an initially unnoticed epidermal tumor which is relatively common in this 
species (Koike 1988). Perhaps this additional stress increased its susceptibility to carbaryl 
toxicity. Based on measured brain AChE activities and water concentrations which were 
also well below the 24 hr LC50, carbaryl induced mortality of wild fish present in subtidal 
areas or migrating over treated mudflats is probably minimal. This supports Hueckel et al. 
(1988) who concluded based on several trawls and beach seines that fish densities and 
composition were unchanged following a carbaryl application in Grays Harbor. 
Sublethal effects, however, may occur at concentrations and levels of AChE 
activity well below that causing mortality. Documented sublethal effects of carbaryl 
include decreased swimming capacity and increased vulnerability to predation in trout 
(Little et al. 1990), loss of schooling behavior in silverside (Weis 1974), effects on 
reproduction (Carlson et al. 1971), and effects on the immune system (Zelicoff 1994) and 
hormone production (Bhattacharya 1993). AChE activity was reported only in the latter 
study in which 15% inhibition was associated with effects on certain hormones. Studies 
with other AChE inhibitors also suggests cholinergic mediated sublethal effects are 
possible within the range of AChE inhibition measured in the present study. Decreases in 
an activity index were measured in salmonids exposed to malathion causing 32% AChE 
inhibition (Post and Leasure 1974). Fish maturation and second-generation growth were 
reduced at 10 - 40% inhibition in fathead minnows exposed to chlorpyrifos (Jarvinen et al. 
1983). Effects on reproduction were measured at 27% inhibition with diazinon (Goodman 
et al. 1979). On the other hand, many other studies have not measured sublethal effects 
until levels of AChE inhibition were well above 50% (Zinkl et al. 1991). Based on the 
literature as a whole it is certainly possible that sublethal effects may result from the levels 
of AChE inhibition measured in this study. 29 
Carbaryl is a reversible inhibitor of acetylcholinesterase with a decarbamylation 
half-life of about 40 minutes (Cranmer 1986). Thus enzyme reactivation and recovery 
would be expected soon after the exposure is removed. Indeed laboratory and field 
studies examining recovery following carbaryl exposure have reported normal AChE 
levels 24 - 48 hrs after the exposure is removed (Zinkl et al. 1987, Haines 1981). In the 
present study it appears that AChE activity may have started to recover in caged fish 
placed directly on treated mudflats 12 hrs post application even though carbaryl was still 
present in overlying water and sediment. If this is indeed the case complete recovery of 
AChE activity might be expected within a couple days. However, lingering low levels of 
carbaryl may prolong the expected recovery time or prevent complete recovery until 
carbaryl has been completely flushed from the area. 
Risk characterization 
Several inferences can be made regarding the exposure and effect of estuarine 
carbaryl applications on wild fish based on data in the present study. Decreases in brain 
acetylcholinesterase activity are possible in fish present in subtidal areas immediately after 
application as a result of aerial drift. Decreases in brain AChE are also possible in fish 
migrating over treated beds with a flood tide. The magnitude of effect in the latter case is 
probably related to the amount of time spent over treated mudflats with fish at the leading 
edge of the tide exposed to higher concentrations. 
Exposure is generally below lethal levels but sublethal effects such as behavioral 
abnormalities or subtle cholinergic mediated effects are possible. Diseased fish may be 
more susceptible to carbaryl toxicity exhibiting sublethal effects and mortality at lesser 
concentrations. Although we don't have data on water concentrations after 24 hrs, based 
on sediment data, tidal flushing of the estuary, the suggestive partial recovery of caged 
sole after only 12 hrs, and the relatively quick recovery of fish from carbaryl exposure in 
general, sublethal effects mediated by decreases in brain AChE activity extending beyond 
one week are unlikely. 30 
CHAPTER 3
 
SUBLETHAL EFFECT OF AN ORAL CARBARYL EXPOSURE
 
TO JUVENILE ENGLISH SOLE (PLEURONECTES VETULUS).
 
ABSTRACT 
The pesticide carbaryl is applied annually to tidelands in Willapa Bay and Grays Harbor, 
WA to control populations of burrowing shrimp which make the habitat unsuitable for 
oyster culture. English sole (Pleuronectes vetulus) are common in the vicinity of sprayed 
mudflats and are known to feed on invertebrates killed by carbaryl. Concentrations of 
carbaryl in invertebrates collected from treated mudflats have been measured as high as 76 
ug/g. This study investigated effects of a similar oral exposure in the laboratory. Results 
indicate brain AChE activity is decreased with the ingestion of the equivalent of only 1% 
body weight of contaminated prey. AChE inhibition exceeding 25% is predicted in wild 
fish. Limited recovery occurs 24 hrs after exposure indicating effects can be compounded 
with further ingestion. Ingestion of contaminated prey following carbaryl applications to 
estuarine tidelands may thus be an important route of exposure in wild fish. 31 
INTRODUCTION 
The anticholinesterase pesticide carbaryl (Sevin) is applied to exposed tidelands in 
Willapa Bay and Grays Harbor, WA to control populations of the burrowing shrimp 
Neotrypaea californiensis and Ubogebia pugettensis which make the sediment substrate 
unsuitable for oyster culture. Mortality of non-target invertebrates such as amphipods, 
cumaceans, and polychaetes also occurs (Simenstad and Fresh 1995, Dumbauld 1994, 
Hueckel et al. 1988, Hurlburt 1986). Fish including juvenile English sole (Pleuronectes 
vetulus) are common in these areas and likely feed on invertebrates killed by carbaryl 
(Hueckel et al. 1988). English sole may in fact be attracted to sprayed areas because of 
the abundant food supply (Chapter 2). 
Carbaryl concentration in invertebrates killed on treated mudflats has been 
measured as high as 76 ug/g (Tufts 1989). It is unclear whether fish ingestion of prey with 
high concentrations of carbaryl has any biological effect. There are many examples of 
sublethal effects in birds resulting from the ingestion of contaminated food following 
terrestrial pesticide applications (Hill 1992, Greig-Smith 1991). Studies with Dungeness 
crab (Cancer magister) have found that mortality does occur following the ingestion of 
carbaryl contaminated prey both in the laboratory and in field situations (Washington 
Department of Fisheries and Washington Department of Ecology 1992, Tufts 1990, 
Buchanan et al. 1970). Dungeness crab are an order of magnitude more sensitive to 
carbaryl than English sole however (Stewart et al. 1967). Studies with fish including 
English sole have shown that contaminants including AChE inhibitors can be absorbed 
from the ingestion of contaminated food and result in toxic effects (Barron et al. 1991, 
Reichert and Varanasi 1982, Gruger et al. 1981, Varanasi 1979, Matthiessen and Johnson 
1978, Wildish and Lister 1973). The purpose of the present study was to determine if the 
ingestion of carbaryl contaminated food by English sole results in sublethal effects. Sole 
were fed carbaryl spiked pellets at concentrations which might realistically represent daily 
ingestion in the field. The sublethal effect of this exposure was determined by measuring 
brain acetylcholinesterase (AChE) activity. Recovery data was also generated. 32 
MATERIALS & METHODS 
Test species 
For all experiments English sole (Pleuronectes vetulus) were collected from 
Yaquina Bay, OR by otter trawl. Fish were maintained in the laboratory in flow through 
seawater tanks for three days before use. Fish were not fed during this acclimation period. 
Single oral exposure 
Food pellets (1 5 mm BioDiet grower, Bioproducts, OR) were spiked in acetone 
solutions of 0, 333, 1000, and 3000 ug/g of carbaryl and placed on a shaker for 12 hrs. 
These concentrations simulated daily intakes of carbaryl based on several potential 
concentrations of carbaryl contaminated prey. Acetone was allowed to evaporate before 
15 mg of pellets were administered to sole by oral gavage (ten fish per concentration). A 
percentage of pellets were analyzed for carbaryl to verify concentrations. Fish were 
sacrificed and brain acetylcholinesterase (AChE) activity measured 3 hrs after feeding. It 
was assumed maximum effect would be achieved by this time. This was based on a pilot 
study in which we found no difference in effect from a similar exposure in fish sacrificed 3 
hrs and 6 hrs post feeding (Appendix A.6). 
Single oral exposure and 24 hr recovery 
Food pellets were spiked in acetone solutions of 0, 1650, and 3300 ug/g carbaryl 
by the method described previously. Pellets were administered to sole by oral gavage (five 
fish per concentration) and fish were sacrificed after 24 hrs to determine how quickly fish 
recover from such an exposure. 33 
Two oral exposures over 24 hrs 
Food pellets spiked to 0, 1650, and 3300 ug/g (ten fish per concentration) carbaryl 
were fed to English sole as described previously. After 24 hrs fish were fed a second 
dose. Three hrs after the second dose was administered fish were sacrificed and analyzed 
for brain AChE activity. 
Analytical chemistry 
Spiked food was analyzed for carbaryl by HPLC on a Hewlett Packard 1050 Series 
pump and variable wavelength detector at 210 nm using a 3 um, C18 Beckman 
Ultrasphere analytical column according to the method of Strait et al. (1991) (Appendix 
D). Samples were first extracted using sonication with acetonitrile according to the 
method of Ozretich and Schroeder (1986). Samples were concentrated by rotary 
evaporation with subsequent cleanup on C18 Bakerbond solid phase extraction columns. 
The solvent was exchanged to methanol after nitrogen evaporation and filtered with a 0.45 
um syringe filter before HPLC injection. Unknowns were compared against an external 
standard curve (Absolute Standards, Inc) with a lower limit of detection of 10 ng/ml. 
Determination of brain acetylcholinesterase activity 
Samples were thawed, whole brains removed, diluted at a ratio of 1:5 (w/v) with 
NaPO4 buffer, and homogenized in a glass tissue homogenizer chilled in ice. Samples 
were then immediately analyzed for AChE activity according to the method of Johnson 
and Russell (1975) as modified by Nostrandt et al. (1993) (Appendix B). All samples 
were run in duplicate. The reaction took place in a 7 ml scintillation vial to which 5 ul 
brain tissue and 75 ul KPO4 buffer was added (Blanks contained 80 ul buffer). The 
reaction was initiated by the addition of 20 ul of the substrate solution which contained 6 34 
mM acetylcholine iodide (ACM) and 5 uCi/m13H ACM (55.20 mCi/mmol, Dupont, NEN). 
Final concentrations were 1.2 mM ACM and 1.0 uCi/m13H per 100 ul reaction volume. 
The reaction mixture was vortexed, incubated at 20°C for 1 minute, and stopped with 100 
ul chloroacetic acid. Five ml of a toluene based scintillation cocktail was then added, the 
solution vigorously mixed and counted in a Packard TRI-CARB 2000CA liquid 
scintillation analyzer (see Appendix A.1 and A.2 for QA/QC). 3H counting efficiency was 
62% as determined by an external quench standard. 
Statistical analysis 
SigmaStat software (Jandel Scientific, San Rafael, CA) was used for all statistical 
analysis. Data was tested for normality by the Kolmogorov- Smirnov test and 
homogeneity of variance by the Levene median test. Analysis of variance was used to 
compare brain AChE activities at the various concentrations with multiple comparisons 
tested with Dunnett's method. The Kruskal-Wallis one way analysis of variance based on 
ranks was conducted for non-normal data (Sokal and Rohlf 1995). 
RESULTS 
Brain AChE activity of English sole fed carbaryl 
Brain AChE activity of English sole fed a single dose of carbaryl was significantly 
different from control fish at all doses administered (p < 0.05, Figure 3.1). AChE 
inhibition was 16%, 25%, and 33% at each successive dose. 
When fish were allowed to recover from the initial exposure for 24 hrs, brain 
AChE was 10% lower in exposed fish although this was not statistically different from 
controls due to the small sample size (p = 0.2, Figure 3.2). 35 
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Figure 3.1. Brain acetylcholinesterase (AChE ) activity of juvenile English sole 
(Pleuronectes vetulus) fed pellets spiked with carbaryl (* statistically 
different from control; p < 0.05; n = 10, error bars = SEM). 36 
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Figure 3.2. Brain acetylcholinesterase (AChE ) activity in juvenile English sole 
(P. vetulus) allowed to recover for 24 hrs from a single oral 
exposure of carbaryl spiked pellets (150 ug). Measured carbaryl 
pellet concentrations were 0, 825, 1650 ug/g (values are not 
statistically different; n= 5, error bars = SEM). 37 
Brain AChE activity in fish fed a second dose of carbaryl spiked food after 24 hrs 
also was significantly different from controls at each dose administered (p < 0.01, Figure 
3.3). Inhibitions were 45% and 65% at each successive dose. A comparison of brain 
AChE activity of fish dosed twice with fish dosed only once indicated values were 
statistically different (p < 0.01). Brain AChE activity was 20% less in fish receiving two 
doses compared to fish dosed only once. This suggests that complete recovery from the 
initial exposure did not occur before the second dose was administered. 
Calculation of carbaryl body burdens and ingestion rates in the field 
The mean extraction recovery of spiked food was 50.7 % (SE = 2.8%, Table 3.1). 
Carbaryl body burdens were therefore calculated based on 50 % of nominal 
concentrations. In order to compare laboratory results with field conditions, estimates 
were made for the quantity of food at field concentrations required to be ingested by wild 
fish to achieve carbaryl body burdens equivalent to the laboratory study. This calculation 
indicated that significant decreases in brain AChE activity are possible with the ingestion 
of less than 1% body weight of field contaminated food (Table 3.2). 
DISCUSSION 
Carbaryl concentration in invertebrates collected from treated mudflats 
There is some variability in reported carbaryl concentrations of invertebrates 
collected from treated mudflats. Mean carbaryl concentration in annelid worms collected 
after application rates of 11.2 and 6.7 kg/ha were 75.7 and 57.0 ug/g respectively (Tufts 
1989). Hurlburt (1986) measured carbaryl in a single burrowing shrimp at 24.9 ug/g and 
41.9 ug/g in a single Dungeness crab. Another study measuring carbaryl concentrations in 38 
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Figure 3.3. Brain acetylcholinesterase (AChE ) activity in juvenile English sole 
(P. vetulus) fed two doses of carbaryl spiked pellets over 24 hrs. 
Measured carbaryl pellet concentrations were 0, 825, 1650 ug/g 
for each dose. (* statistically different from controlp < 0.05; n= 10, 
error bars = SEM). 39 
Table 3.1. Measured carbaryl concentration of spiked pellets. 
spike  spike  food  measured  % spike 
(ug/g)  date  weight (g)  concentration (ug/g)  recovered 
333  7/29  0.1687  166  50% 
1000  7/29  0.1807  426  43% 
3000  7/29  0.2014  1341  45% 
1650  8/23  0.0524  954  58% 
3300  8/23  0.0477  1405  43% 
1650  8/24  0.1998  1001  61% 
3300  8/24  0.1934  1861  56% 
mean  50.7% 40 
burrowing shrimp collected from treated beds found concentrations of 4.5 ug/g 
immediately after application (Creekman and Hurlbert 1987), although the analytical 
chemistry methodology of this latter study has been questioned (Washington Department 
of Fisheries and Washington Department of Ecology 1992). 
Feeding behavior of English sole 
English sole are considered generalist and opportunistic feeders (Barry et al. 1996, 
Lassuy 1989, Hogue and Carey 1982, Toole 1980) with larger fish ( > 35 mm) generally 
feeding on polychaetes, amphipods, bivalve siphons, and cumaceans. Laboratory studies 
conducted with food pellets found rations of 16% body weight near the maximum that 
could be consumed by juvenile sole per day (Williams and Caldwell 1978). Another study 
allowing sole to consume pellets ad libitum found sole typically ate 5 - 7% of their body 
weight per day (Yoklavich 1981). 
In a study conducted by Hueckel et al. (1988) to determine pre- and post- spray 
ingestion of carbaryl killed organisms, several fish species including English sole were 
collected 16 hrs before and 12 hrs after a carbaryl application in Willapa Bay. Results 
indicated that English sole collected post application had a significantly larger fullness 
ratio (fish length : weight of prey) although these fish were also significantly larger than 
fish collected pre-application. The mean weight of prey in the fish collected after 
application was 3.14 g (mean fish length = 87 mm) In our experience fish of this length 
weigh approximately 6 - 7 g. Based on this estimate these fish ingested nearly 50% of 
their body weight compared to 0.51 g prey weight in fish collected before application 
(mean length = 70 mm; estimated ingestion rate = 15% body wgt). These data certainly 
suggests sole were feeding heavily on carbaryl killed invertebrates. Hueckel et al. also 
found a shift in diet after carbaryl application with Corophium (ascherusicum) and 
polychaetes making up significantly larger percentages of the diet compared to fish 
collected before application. The authors suggested that these species were climbing out 41 
of their burrows after exposure to carbaryl and were therefore more susceptible to 
predators such as English sole. 
Implications of laboratory data for wild fish 
Given the variability in reported carbaryl prey concentrations and English sole 
ingestion rates, the present study was designed to estimate effects given several 
hypothetical combinations of these two variables. The data indicate that the ingestion of 
even 1% body weight of carbaryl contaminated food can result in decreases in AChE 
activity. Assuming average values for both quantity ingested (5%) and carbaryl 
concentration of prey (30 ug/g), inhibitions of 25% might be expected in the field based 
solely on the ingestion of contaminated prey. 
In developing a worst case scenario, it is estimated that at the highest 
concentration reported for carbaryl killed invertebrates (75 ug/g), the ingestion of 6.1% 
body weight would result in 33% brain AChE inhibition. However, this may be overly 
conservative since English sole can certainly ingest more than 6.1% of their body weight 
per day and likely feed at higher rates on carbaryl contaminated prey given results from the 
field study conducted by Hueckell et al. Exposure could further be increased by the fact 
that sole commonly ingest sediment while feeding (Varanasi 1989). 
Length of exposure and recovery of wild fish 
Due to the tidal cycle, feeding over sprayed mudflats is intermittent. Assuming 
English sole are diurnal feeders (Hogue and Carey 1982) and are feeding primarily at high 
tides when treated mudflats are flooded, the ingestion of large quantities of contaminated 
prey may occur every 24 hrs. The data presented here suggests complete recovery from 
the initial exposure did not occur. In fact the administration of a second dose nearly 
doubled the effect on AChE activity. Therefore further ingestion of contaminated prey 42 
Table 3.2.	  Mean brain acetylcholinesterase (AChE) inhibition and estimated 
carbaryl body burdens based on measured carbaryl pellet 
concentrations. Equivalent field doses are estimates for the quantity 
of food ingested (expressed as a percentage of body weight) at three 
potential concentrations of field contaminated food (10, 30, and 75 
ug/g). These estimated doses are equivalent to the quantity of 
carbaryl administered in the laboratory dose. 
food concentration s  body burden °  equivalent field dose 4'  brain AChE
 
(1-Leig)  (tig/g) + SE (10 µg/g) (30 µg/g) (75 µg/g)  inhibition +SE
 
single oral dose
 
150  0.47 (0.04)  4.7%  1.6%  0.6%  16% (5.9%) a 
500  1.57 (0.16)  15.7%  5.2%  2.1%  25% (3.9%) a b 
1500  4.60 (0.29)  46.0%  15.3%  6.1%  33% (7.3%) ac 
single oral dose, 24 hr recovery
 
825  1.74 (0.06)  17.4%  5.8%  2.3%  11% (3.0%)
 
1650  2.94 (0.16)  29.4%  9.8%  3.9%  10% (4.2%)
 
two oral doses over 24 hrs * 
825  1.62 (0.09)  16.2%  5.4%  2.2%  45% (2.7%) ab 
1650  3.28 (0.19)  32.8%  10.9%  4.4%  61% (1.6%) ac 
4) based on a mean extraction recovery of 50% of the nominal dose 
e carbaryl body burden = (food weight in g) x (measured carbaryl concentration of food 
in ug/g) / (fish weight in g) 
'1' equivalent field dose = (body burden in ug/g) / (theoretical carbaryl concentration of 
prey = 10, 30, or 75 ug/g) 
* values are for second dose only, total dose would be approximately 2 x the above values
 
a statistically different from control (p < 0.01)
 
b  statistically different from each other (p < 0.01)
 
statistically different from each other (p < 0.01) 43 
may result in further decreases in AChE activity. There is some evidence that carbaryl 
concentrations in killed invertebrates decrease rapidly to low levels after 24 hrs (Creekman 
and Hurlbert 1987). The ingestion of contaminated prey may therefore only occur for a 
day or less.  It is likely that most killed invertebrates would be consumed by this time at 
any rate. Therefore effects from the ingestion of contaminated prey in wild fish would not 
be expected to last more than several days. 
The application of carbaryl to nearby mudflats on consecutive days may result in a 
situation whereby fish migrate from one treated bed to the next consuming highly 
contaminated food at each site. In this scenario inhibition above 50% might be expected 
based on the data from this study assuming the effects are additive. 
An additional effect on English sole unrelated to carbaryl ingestion which deserves 
mentioning is the loss of prey from treated mudflats. Carbaryl applications typically 
remove the majority of invertebrates from the targeted mudflat so that after an initial 
bounty, food shortages may result (Hueckel et al. 1988). This may increase competition 
or force fish to migrate to other areas to locate prey. Long term effects on benthic 
assemblages resulting from carbaryl application are unlikely (Simenstad and Fresh 1995), 
however, this loss of prey may be especially important to a species such as English sole 
which only spends a few months in the estuary before migrating back offshore (Lassuy 
1989). 
Additive effects 
Caged studies with English sole indicate brain AChE inhibitions of 25% occur in 
fish placed on treated mudflats during flood tides or in adjacent subtidal channels (Chapter 
1). Since these fish are likely not feeding due to increased stress associated with the 
caging, effects could potentially be compounded by any oral exposure. Several studies 
have demonstrated additive effects of exposure from pollutants in water and food (Phillips 
and Baler 1978, Jarvinen and Tyo 1978, Jarvinen et al. 1977). Assuming additive 
effects from water and food exposure in the present study, inhibitions greater than 50% 44 
are possible. While these levels of AChE inhibition are probably not lethal, sublethal 
behavioral effects may eventually result in mortality. At brain AChE inhibitions greater 
than 50%, the ability of these fish to bury may be compromised (Chapter 4). This would 
have implications for survival as predators would be more difficult to avoid. 45 
CHAPTER 4
 
ABNORMAL BURYING BEHAVIOR IN JUVENILE ENGLISH SOLE 
(PLEURONECTES VETULUS) EXPOSED TO CARBARYL. 
ABSTRACT 
The pesticide carbaryl is applied annually to tidelands in Willapa Bay and Grays Harbor, 
WA to control populations of burrowing shrimp which make the habitat unsuitable for 
oyster culture. English sole (Pleuronectes vetulus) collected from sprayed areas show 
decreased levels of brain acetylcholinesterase (AChE) following carbaryl application. The 
purpose of this study was to investigate the importance of this decrease in AChE activity 
in terms of an important behavior for this species, namely its ability to bury in sediments. 
Results indicate this behavior is affected by carbaryl in a dose-dependent manner with fish 
not burying at higher concentrations. Brain AChE inhibition was 70% at the EC50. 
Recovery of this behavior occurs shortly after the removal of the exposure with all 
exposed fish in the present study recovering the ability to bury in sediments within 24 hrs. 
Mean brain AChE inhibition at the time of recovery was 60%. The data suggest that while 
carbaryl affects this behavior, field exposures are likely below that required to affect 
English sole burying. 46 
INTRODUCTION 
The anticholinesterase pesticide carbaryl (Sevin) is applied to exposed tidelands in 
Washington state estuaries to control populations of the burrowing shrimp Neotrypaea 
californiensis and Ubogebia pugettensis which make the sediment substrate unsuitable for 
oyster culture. High mortality of non-target species including fish trapped on sprayed 
mudflats is known to occur (Simenstad and Fresh 1995, Dumbauld 1994, Washington 
Department of Fisheries and Washington Department of Ecology 1992, Tufts 1990, 
Hueckel et al. 1988). Fish found dead after spraying include juvenile English sole 
(Pleuronectes vetulus), starry flounder (Platichthys stellatus), sand sole (Psettichthys 
melanostictus), juvenile ling cod (Ophiodon elongatus), and shiner perch (Cymatogaster 
aggregata). English sole present in subtidal areas and on treated mudflats during a flood 
tide exhibit sublethal effects with brain AChE inhibitions as high as 48% (Chapter 2). The 
purpose of this study was to determine the significance of this sublethal exposure by 
relating AChE inhibition to an ecologically important endpoint. 
Fish behavior has been shown to be important ecologically by affecting survival 
and recruitment to the adult population (Schreck et al. 1997, 011a 1996, Atchison et al. 
1987). Behavior related to predator avoidance, food acquisition, and reproduction are 
particularly important in this regard. Behavior is also quite sensitive to chemical stressors. 
Acetylcholinesterase inhibitors are known to affect a range of behavior including stamina 
(Cripe et al. 1984), social interaction and swimming activity (Saglio et al. 1996, Post and 
Leasure 1974), ability to avoid predation (Hatfield and Anderson 1972), and feeding 
behavior (Sandheinrich and Atchinson 1990). Carbaryl specifically has been shown to 
decrease swimming capacity and increase vulnerability to predation in trout (Little et al. 
1990) and cause a loss of schooling behavior in silverside (Weis and Weis 1974). An 
important predator avoidance behavior for flatfish such as English sole is burying in 
sediments. This study determined the affect of carbaryl on this behavior in the laboratory. 
AChE inhibition was then compared to the burying response and the resulting regression 
was used to evaluate brain AChE data from field exposed fish. Laboratory experiments 
assessing the recovery of this behavior were also conducted. 47 
MATERIALS AND METHODS
 
Burying response and carbaryl exposure 
Seawater was spiked in batches at five concentrations (0, 0.5, 0.9, 1.6, 2.9 ug/ml) 
and randomly distributed to 30 eight liter static aquaria containing approximately 3 cm 
sand. Concentrations were verified by HPLC before distribution to individual aquaria. 
Temperature was maintained at 12°C by placing aquaria in large seawater tables with 
continuous water circulation. Juvenile English sole (mean length = 108 mm, SE = 1.9) 
obtained from Yaquina Bay, OR by otter trawl and maintained in the laboratory on 1.5 
mm BioDiet grower pellets (Bioproducts, OR) for five months, were then added to 
individual aquaria (six fish per concentration). After 60 min all fish were caught with a net 
and subsequently released back into the same aquarium to determine if fish could bury in 
sediments after exposure. Fish were observed for 120 min recording whether individuals 
were buried in the sediment every 10 min. A buried fish was defined as having anterior, 
dorsal, and tail fins buried in the sediment. All fish were sacrificed after this 120 min 
observation period and analyzed for brain AChE activity. 
For each concentration, the percentage offish buried at each 10 min interval was 
calculated. These values were summed across the 120 min duration of the experiment and 
a cumulative frequency for the percentage offish buried was calculated for each 
concentration. It was assumed equilibrium between carbaryl water concentrations and 
AChE inhibition was reached by 60 min. To support this assumption, an analysis of 
covariance comparing the percentage offish buried with concentration at each 10 min 
interval was calculated using SAS software, release 6.12 (SAS 1991). Linear regression 
of the cumulative percentage of fish buried and brain AChE activity was calculated using 
SigmaPlot software (SPSS Inc.). Normality was tested by the Kolmogorov-Smirnov test 
and homogeneity of variance by the Levene median test. Linear regression of percent 
AChE activity and percentage offish buried was then calculated and used to evaluate field 
exposure data and establish critical values. An EC50 was also calculated using the 48 
Spearman-Karber method (Hamilton et al. 1977). Percent AChE was calculated based on 
the control mean. 
Burying recovery 
Juvenile English sole were collected from Yaquina Bay, OR and maintained in the 
laboratory for three days to acclimate fish to laboratory conditions. English sole (mean 
length = 76 mm, SE = 1.2) were individually exposed to 0 and 2.9 ug/ml carbaryl spiked 
seawater (ten fish per concentration) in eight liter static aquaria for 3 hrs. Temperature 
was 12°C and maintained as described above. After this exposure period all fish were 
transferred to individual aquaria containing uncontaminated seawater and 3 cm sand. Fish 
were observed at 60 min intervals for 6 hrs and every 4 hrs thereafter. When individual 
fish were judged to be buried in the sediment as defined by the above criteria, the time was 
recorded and the fish was immediately sacrificed and analyzed for brain AChE activity. 
To maintain a valid control for comparing brain AChE activities between exposed and 
unexposed fish, one control fish was sacrificed along with each exposed fish. 
AChE activities of exposed and unexposed fish were compared by student's t test. 
Linear regression was used to evaluate AChE activity with respect to time. AChE 
inhibition values were calculated based on the control mean. 
Determination of brain acetylcholinesterase activity 
Samples were thawed, whole brains removed, diluted at a ratio of 1:5 (w/v) with 
NaPO4 buffer, and homogenized in a glass tissue homogenizer chilled in ice. Samples 
were then immediately analyzed for AChE activity according to the method of Johnson 
and Russell (1975) as modified by Nostrandt et al. (1993) (Appendix B). All samples 
were run in duplicate. The reaction took place in a 7 ml scintillation vial to which 5 ul 
brain tissue and 75 ul KPO4 buffer was added (Blanks contained 80 ul buffer). The 49 
reaction was initiated by the addition of 20 ul of the substrate solution which contained 6 
mM acetylcholine iodide (ACM) and 5 uCi/m13H ACM (55.20 mCi/mmol, Dupont, NEN). 
Final concentrations were 1.2 mM ACM and 1.0 uCi/m13H per 100 ul reaction volume. 
The reaction mixture was vortexed, incubated at 20°C for 1 minute, and stopped with 100 
ul chloroacetic acid. Five ml of a toluene based scintillation cocktail was then added, the 
solution vigorously mixed and counted in a Packard TRI-CARB 2000CA liquid 
scintillation analyzer (see Appendix A.1 and A.2 for QA/QC). 3H counting efficiency was 
62% as determined by an external quench standard. 
Analytical chemistry 
Water samples were analyzed for carbaryl by HPLC on a Hewlett Packard 1050 
Series pump and variable wavelength detector at 210 nm using a 3 um, C18 Beckman 
Ultrasphere analytical column according to the method of Strait et al. (1991) (Appendix 
D). Unknowns were compared against an external standard curve (Absolute Standards, 
Inc) with a lower limit of detection of 10 ng/ml. Water samples were filtered with a 0.45 
um syringe filter and then injected without further cleanup. 
RESULTS 
Effect of carbaryl on English sole burying 
The percentage of fish buried was altered in a dose-dependent manner with fish at 
higher carbaryl concentrations not burying in sediments (Figure 4.1). One control fish did 
not bury for the duration of the experiment, and it was later discovered that this fish had 
an epidermal tumor on its blind side which is relatively common to this species (Koike 50 
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Figure 4.1.  Percentage of English sole buried in sediment during a 
120 min exposure to carbaryl (six sole per concentration; 
p < 0.01, r2= 0.97). 51 
1988). This fish was therefore not included in the statistical analysis. Perhaps this tumor 
and/or its location somehow prevented or discouraged burying. 
Analysis of covariance indicated there was no difference between the various time 
points in the frequency offish buried at each concentration (p = 1.0). The linear 
regression of concentration and the cumulative frequency offish buried was statistically 
significant (p < 0.01, r2 = 0.97, Figure 4.1; including the outlier r2 = 0.90). The EC50 
calculated as the concentration at which 50% offish did not bury was 1.33 ug/ml (95% 
CI: 1.00 - 1.78). 
Brain AChE activity also exhibited the expected dose-response. Log 
transformation of the data resulted in a statistically significant linear regression (p < 0.01, 
r2 = 0.77, Figure 4.2). Brain AChE inhibition at the EC50 was 70%. 
Linear regression of log percent AChE and percent fish buried was also statistically 
significant (p < 0.05, r2 = 0.93, Figure 4.3). This model was used to interpret AChE 
inhibition in English sole collected from the field after estuarine carbaryl applications. The 
model indicated that brain AChE inhibition of 25% results in less than a 5% effect on the 
percentage offish buried while 50% inhibition was equivalent to 25% of fish not burying. 
Less than 40% offish were predicted to bury at 75% inhibition. 
Recovery of burying response 
All exposed fish remained unburied after 30 min when transferred to aquaria with 
clean water compared to one out often control fish which did not bury. The time fish 
took to recover and bury was variable with some fish burying within 60 min. After 3 hrs 
50% of exposed fish had buried. The mean time until fish buried was 9.0 hr (SE = 2.8) 
with all exposed fish buried 24 hr after being transferred to aquaria with uncontaminated 
seawater. Mean AChE inhibition in exposed fish at the time of recovery was 60% (SE = 
3.3%) which was statistically different from controls (p < 0.01). There was no difference 
in brain AChE of control fish over the course of the experiment (r2 = 0.11). 52 
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Figure 4.2.	  Linear regression of carbaryl water concentration and 
English sole brain AChE activity as a percentage of 
control (p < 0.01, r2 = 0.77). 53 
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Figure 4.3.	  Linear regression for the percentage of English sole
 
buried in sediment and brain AChE activity expressed
 
as a percentage of control (p < 0.01, r2 = 0.92).
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DISCUSSION
 
Biochemical indicators have often been used to evaluate the effect of pollutants 
due to their relative sensitivity and ease of measurement (Thomas 1990, Adams et al. 
1989). Unfortunately these markers typically lack biological and ecological relevance. 
Behavioral indices on the other hand integrate these biochemical effects and can be more 
easily interpreted. In the present study we have attempted to relate a commonly used 
biomarker, brain AChE activity, to a higher order behavioral effect which is ecologically 
important. We have then evaluated AChE inhibition data from field exposed fish in the 
context of this behavioral response and attempted to establish critical levels of AChE 
inhibition which may hold some ecological significance. 
Burying response and the effect of carbaryl 
The ability to bury in sediments is an important behavior for flatfish used to avoid 
predators (Keefe and Able 1994, Gibson and Robb 1992). Any impairment of this ability, 
particularly for juveniles, would thus have implications for survival. Data from the current 
study indicates carbaryl does affect the ability of English sole to bury in sediments. The 
calculated EC50 of 1.3 ug/ml is several fold lower than a published 24 hr LD50 (Stewart 
et al. 1967) indicating that effects occur at concentrations well below lethal levels. Brain 
AChE inhibition at the EC50 was 70% which also is below the approximate lethal 
threshold of 90% brain AChE inhibition that we have found for this species. 
The inability to bury seemed to be related to a loss of muscular control or 
coordination at least at higher concentrations. Several exposed fish were observed making 
what appeared to be attempts at burying, however the muscle movements were much 
slower than the normal behavior with the end result that fish were unable to effectively 
bury in the sediment. English sole are known to actively disturb sediments in order to find 
prey (Hogue and Carey 1982). Since this inability to bury implies some loss of mobility, it 55 
is possible that other locomotor related behaviors such as foraging for food might be 
negatively affected. 
It should also be noted that a change in skin pigmentation was observed in several 
unburied exposed fish. Fish became lighter in color and in some instances appeared 
whitish yellow as opposed to the dark brown of control fish. Since melanophores 
responsible for this color change contain receptors for ACh (Donald ), this type of effect 
might be expected as a result of carbaryl induced AChE inhibition  This change in 
coloration also would potentially affect survival in the field. 
Recovery 
The burying response exhibited a variable but nevertheless relatively quick pattern 
of recovery. Brain AChE inhibition ranged from 43% - 77% at the time of recovery. This 
is well before the complete recovery of brain AChE activity, and indicates that sole can 
bury with significant inhibition of brain AChE. The complete recovery of brain AChE 
from carbaryl exposure has been reported to occur within 24 - 48 hrs after the exposure is 
removed (Zinkl et al 1987, Haines 1981). Since the recovery of English sole burying 
occurs before the complete recovery of brain AChE, burying recovery times of less than 
24 hrs such as that measured in the present study would be expected . 
Critical levels of AChE 
Post and Leasure (1974) estimated that 20-30% of AChE activity can be lost with 
only 5% loss in an activity index with greater inhibitions resulting in more dramatic 
decreases. This result is very similar to the present study in which 5% of fish were 
predicted not to bury at 25% brain AChE inhibition. A critical or threshold level of AChE 
appeared to be 50-60% inhibition. Burying decreased sharply with further decreases in 
AChE. Mean brain AChE inhibition at the time of recovery was 60% which also fits well 56 
with the notion of a threshold value of 50-60% inhibition. This level of AChE inhibition 
may represent a critical value important in maintaining some degree of muscle 
coordination. 
The levels of AChE inhibition associated with behavioral and locomotor related 
abnormalities have not always been reported, but when data on AChE is available, there is 
considerable variability in the levels of AChE inhibition associated with these effects. 
Behavioral deficits in sea bass were reported at 20% inhibition (Rosic 1974), hyperactivity 
at 35% inhibition (Zinkl et al. 1991), fish maturation and second-generation growth were 
reduced at 10-40% inhibition (Jarvinen 1983), and reproduction was impaired at 27% 
inhibition (Goodman 1979). On the other hand, many other investigators don't report 
effects until AChE inhibition approaches 70%. Swimming stamina wasn't reduced in 
sheepshead minnow until 80% inhibition (Cripe et aL 1984), feeding hierarchies were lost 
after exposure to fenitrothion at 70% inhibition (Wildish and Lister 1973), decreased 
feeding activity wasn't reported until 68% inhibition (Pavlov et al. 1992), and inhibition 
approaching 69% was required to decrease optomotor behavior in goldfish (Dutta et al. 
1992). The burying response measured in the present study seems to be of intermediate 
sensitivity relative to these other reports. 
Implications for field exposed fish 
The importance of this burying response in the field can be evaluated based on 
overlying water concentrations and measured fish brain AChE activities following 
estuarine carbaryl applications. Overlying water concentrations as high as 1 ug/ml have 
been measured directly over treated beds when water depths during a flood tide were 30 
cm with higher concentrations measured earlier in the tidal cycle (Chapter 2, Tufts 1990). 
The burying response EC50 is in this range so one might conclude that effects on English 
sole burying are possible. However, water concentration is probably not the best indicator 
of exposure due to the irregular nature of tidal flooding and the resulting variable 
concentrations in time and space across the mudflat (Chapter 1, Washington Department 57 
of Fisheries and Washington Department of Ecology 1992). Brain AChE activity is a 
sensitive, measurable, biological effect which integrates this variable exposure. Mean 
brain AChE inhibition in English sole after carbaryl application has been measured at 25% 
with maximum levels approaching 50%. Based on the model developed in this laboratory 
study, minimal effects on burying behavior would be expected in the field at these levels of 
AChE inhibition. 58 
CHAPTER 5
 
EFFECT OF CARBARYL ON ENGLISH SOLE
 
(PLEURONECTES VETULUS) PHAGOCYTES
 
ABSTRACT
 
The effect of carbaryl on head kidney phagocytes was determined in order to 
evaluate the ecological significance of sublethal exposures of carbaryl to fish as a result of 
estuarine applications in Willapa Bay and Grays Harbor, WA. Head kidney phagocytes 
were isolated from English sole (Pleuronectes vetulus) and exposed to carbaryl in vitro. 
Phagocytosis was evaluated based on the percentage of cells ingesting heat killed yeast. 
The percentage of phagocytic cells decreased at doses of 10 and 100 ug/ml which are 
likely higher than can be attained with an in vivo exposure. 59 
INTRODUCTION
 
The anticholinesterase pesticide carbaryl (Sevin) is applied to exposed tidelands in 
Washington state estuaries to control populations of the burrowing shrimp Neotrypaea 
californiensis and Ubogebia pugettensis which make the sediment substrate unsuitable for 
oyster culture (Simenstad and Fresh 1995, Dumbauld 1994, Washington Department of 
Fisheries and Washington Department of Ecology 1992). Sublethal effects on English sole 
(Pleuronectes vetulus) present in subtidal areas and on treated mudflats during a flood tide 
are known to occur with brain AChE inhibitions measured as high as 48% (Chapter 2). 
The purpose of this study was to evaluate the effect of such a sublethal carbaryl exposure 
in the context of an ecologically important endpoint. 
The fish immune system is important in fighting infectious agents, and any 
impairment of this ability would have obvious implications for survival. The immune 
system has also been suggested as a sensitive biomarker of environmental contaminants 
with a wide range of compounds including pesticides, PAH' s, and metals causing effects 
(Wester et al. 1994, Weeks et al. 1992, Weeks and Warinner 1984). In general carbaryl 
has been found to suppress humoral, cell-mediated, and nonspecific immune responses in 
rodents and compromise host resistance to parasitic, bacterial, and viral infection (Rodgers 
1992, Exon et al. 1987). In the few laboratory studies with carbaryl and fish, lake trout 
and coho salmon spleen weights and splenic lymphocytes were reduced after exposure 
(Zelicoff 1994). Increased susceptibility to a sporozoan parasitism after carbaryl exposure 
of 0.1 ug/ml has also been documented (Denier and Siwicki 1993). 
Phagocytosis is an important component of the nonspecific immune response 
which often is the initial and most important response of the fish immune system to 
infectious agents (Blazer 1991, Zelicoff 1994). In rodents phagocytosis and the respiratory 
burst of macrophages is decreased in response to carbaryl exposure (Pipy et al. 1983, 
Maroussem et al. 1986). Since fish have many of the same immune responses as warm­
blooded vertebrates, including phagocytic capability of macrophages, (Blazer 1991, 
Zelicoff 1994), this study attempted to determine whether phagocytosis is similarly 
affected by carbaryl in fish. 60 
MATERIALS AND METHODS 
Test species 
English sole (Pleuronectes vetulus) were collected off the coast of Newport, OR 
by otter trawl and acclimated to the laboratory in flow through sea water tanks for three 
days before use. 
Cell preparation and suspension 
Phagocytes were collected and purified according to a method adapted from 
Mathews et al. (1990) (Appendix C). A nylon sieve was prepared by securing with a 
rubber band a piece of 40 um nytex screen over an autoclaved glass petri dish containing 5 
ml L-15 tissue media (0.1% FBS, 10 U/ml heparin). Two English sole (186 and 190 mm) 
were sacrificed by severing the spinal cord, and the anterior kidney removed and separated 
by massaging it through the nytex screen with a glass rod. The resulting cell suspension 
was gently layered over 2.5 ml 45% Percoll in a 15 ml conical tube and centrifuged at 
400g for 30 min at 4°C. The cell layer at the Percoll/media interface was then collected 
with a sterile pipet, washed in 5 ml media and pelleted by centrifugation. The supernatant 
was removed and the pellet resuspended in 2 ml L-15 media. An aliquot was tested for 
viability with trypan blue and a cell count made using a hemacytometer. Aliquots of 107 
cells/ml were then spiked to 4 concentrations of carbaryl (1, 1, 10, 100 ug/ml). 
Phagocytosis assay 
The method employed in this study was adapted from that of Braun-Nesje (1981) 
and Pulsford (1994) (Appendix C). 100 ul aliquots of the cell suspension were added to a 61 
12 mm cover slip in a 24 well tissue culture plate (3 replicates per concentration for each 
fish). Phagocytes were then allowed to adhere to the coverslip for 120 min at 15°C after 
which time 100 ul of heat killed yeast at a concentration of 4*108 yeast/ml also spiked to 
corresponding concentrations of carbaryl was added to each well and the suspension 
incubated at 15°C for 120 min. Non-phagocytized yeast were washed off by dipping 
cover slips in phosphate buffered saline (PBS). The cover slips were then air dried, fixed 
in methanol for 5 min. and stained 5 min. with Geimsa stain. Cover slips were allowed to 
dry overnight in the dark. They were then mounted on a labeled microscope slide and 
examined by light microscopy under oil immersion at 100X. Phagocytosis was quantitated 
by counting the percentage of cells out of 100 engulfing yeast. Statistical analysis was 
carried out using SAS software (release 6.12). Treatments were compared with a nested 
analysis of variance (ANOVA) with multiple comparisons tested by Dunnett's method. 
RESULTS AND DISCUSSION 
The percentage of phagocytic cells was statistically different from controls only at 
the highest dose tested (p < 0.05, Figure 1). When fish were analyzed individually one fish 
had statistically significant decreases in the number of phagocytic cells at 10 ug/ml (p < 
0.05). These concentrations are rather high and it is doubtful tissue concentrations of this 
magnitude could be attained in fish during an in vivo exposure. This study indicates that 
while carbaryl does decrease the percentage of phagocytic cells in vitro, the concentrations 
required to measure an effect are sufficiently high that effects would not be expected 
during in vivo exposures. An experiment comparing phagocytosis of fish exposed in vivo 
to 0 and 3 ug/ml carbaryl confirmed this conclusion. 
It has been suggested that anticholinesterase pesticides exert effects on the immune 
system via their effect on esterases (Sharma and Tomar 1992) which are common to many 
types of immune cells including macrophages (Pearsall and Weiser 1970). The effect 
observed in the current study can be explained by an inhibition of these esterase sights. 62 
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Figure 5.1. Phagocytosis following in vitro carbaryl exposure of cells 
collected from two separate English sole; (values were 
statistically different from control at 100 ppm; p < 0.05, 
error bars = SEM). 63 
It is possible the phagocytosis assay employed in the present study was simply not 
sensitive enough to detect an effect at low concentrations. This particular assay depends 
on the adherence of exposed cells to glass cover slips, and since adherence to a glass 
substrate is in itself an act of phagocytosis, cells whose phagocytic capability has been 
somehow compromised would likely not adhere and thus be washed off the glass and not 
counted in the assay. This selective elimination of impaired cells would thus decrease the 
sensitivity of the assay. An assay testing for phagocytosis which does not require cells to 
first adhere to a substrate may show an effect at lower carbaryl concentrations. 
A second factor which may have contributed to the high concentrations required to 
cause an effect is binding of carbaryl to components of the media formulation. Since 
effects were based on nominal concentrations, it is possible that actual exposure 
concentrations were much lower. 
Studies measuring head kidney leukocyte phagocytosis in fish have found that this 
response is often decreased by various pollutants including insecticides (Dunier and 
Siwicki 1993). Chlorpyrifos decreased phagocytosis in tilapia by greater than 60% 
(Holladay and Smith 1996). Phagocytosis also has been decreased in fish following 
exposure to Benzo[a]pyrene, cadmium (Lemaire-Gony et al 1995), Pentachlorophenol 
(Roszell and Anderson 1994), and PAHs in sediments (Weeks and Warinner 1984). While 
these studies suggest phagocytosis is a sensitive biomarker of environmental pollutants, 
data from the current study suggests phagocytosis is relatively insensitive to carbaryl 
exposure. 64 
CHAPTER 6
 
SUMMARY 
EXPOSURE ASSESSMENT 
The aerial application of carbaryl to estuarine tidelands in Willapa Bay and Grays 
Harbor, WA results in carbaryl exposure of resident English sole. Field studies with caged 
English sole indicate that brain acetylcholinesterase (AChE) activity is decreased following 
carbaryl applications compared to controls sampled pre-application. Significant decreases 
in brain AChE activity were measured in fish placed subtidally and in fish placed directly 
on treated mudflats during a flood tide. Mean AChE inhibition was approximately 25% in 
each case with maximum levels approaching 50%. Based on measured water 
concentrations, subtidal exposure was a result of aerial drift from the helicopter 
application. Decreases in brain AChE in fish migrating over treated beds with a flood tide 
are probably related to the amount of time spent over treated mudflats with fish at the 
leading edge of the tide exposed to higher concentrations. 
Since decreases in brain AChE of caged fish is probably independent of any 
exposure from the ingestion of contaminated prey, effects could potentially be magnified 
by any oral exposure. Carbaryl killed invertebrates are likely consumed by English sole, 
and trawl data suggests sole may even be attracted to sprayed areas possibly because of 
abundant prey. Laboratory studies examining the effect of an oral exposure similar to 
what might be expected in the field indicate that the ingestion of contaminated prey is a 
potentially important route of exposure for wild fish. The data indicate that decreases in 
brain AChE activity on the order of 25% would not be unexpected. Assuming the effect 
measured in caged fish and any oral exposure are additive, brain AChE inhibitions greater 
than 50% are possible. 65 
ANALYSIS OF EFFECTS
 
Exposure is generally below lethal levels but sublethal effects such as behavioral 
abnormalities or subtle cholinergic mediated effects are possible. Diseased English sole, 
which are relatively common in Pacific Northwest estuaries, may be more susceptible to 
carbaryl toxicity exhibiting sublethal effects and mortality at lesser concentrations. 
The ability to bury in sediments is an important behavior for English sole used to 
escape from predators. Laboratory data indicates this behavior is affected by carbaryl 
exposure with fish not burying at higher concentrations. This burying response model 
indicated that 50 - 60% brain AChE inhibition is a critical value below which burying 
activity decreases sharply. 
Based on the levels of AChE inhibition measured in caged fish following carbaryl 
application, minimal effects on burying behavior would be expected. However, when this 
effect is combined with an oral exposure from the ingestion of contaminated prey, the 
predicted levels of brain AChE inhibition approach this threshold of 50%. The ability to 
bury in sediments may thus be compromised in a certain percentage of wild fish. This 
would have implications for survival as predators would be more difficult to avoid. 
The percentage of phagocytic cells collected from English sole head kidneys was 
statistically different from controls only at the highest dose tested. These concentrations 
are rather high and it is doubtful tissue concentrations of this magnitude could be attained 
in fish during an in vivo exposure. Based on this data, effects on phagocytosis in wild fish 
would not be expected. 
RISK CHARACTERIZATION 
Several inferences can be made regarding the exposure and effect of estuarine 
carbaryl applications on wild fish based on data in the present study. Decreases in brain 
acetylcholinesterase activity are likely in fish present both in subtidal and intertidal areas 
immediately after application. It is possible behavioral and other subtle cholinergic 66 
mediated effects would result particularly if fish are feeding on carbaryl killed 
invertebrates. 
Since salmon are prevalent in areas sprayed by carbaryl there is concern about 
effects on this commercially important species. Juvenile chinook salmon depend on 
estuaries for rearing (Healey  1991, Beauchamp et al.  1983), and as benthic feeders they 
might feed on carbaryl contaminated prey. Since salmon are more sensitive to carbaryl 
than English sole (Stewart et al. 1967), the effects of such an exposure might be greater 
than that measured in the laboratory study described here. 
Since carbaryl is dissipated rather quickly either through dilution or degradation, 
the length of significant exposure would likely be limited to a few days. Complete 
recovery would be expected within a week. If fish can survive this period by avoiding 
predators and growth is not reduced, minimal effects would be expected. 
RECOMMENDATIONS FOR FUTURE RESEARCH 
The field studies described here were of limited scope in that they focused on only 
three treated oyster beds and encompassed only two spray events. It is difficult to know 
whether an accurate depiction of exposure was attained from these small studies given the 
variability of the natural environment. Field studies conducted in different parts of the 
estuary and over multiple years would help validate the data generated here. 
The complete recovery of exposed fish is assumed to be relatively quick given the 
nature of the pesticide and measured concentrations in the field but this only speculation. 
Field studies of adequate duration for example the placement of caged fish in subtidal 
areas for days or a week are needed to verify this. Data on water concentrations during 
tidal flooding and retreat during subsequent tidal cycles is also needed. 
A natural extension of this thesis is a field validation study of the burying response 
model. This would be a difficult study to carry out but would verify whether or not 
behavioral effects occur in the field. 67 
The effects of carbaryl on the immune system requires further study than that 
presented here to unequivocally rule out carbaryl as a factor in promoting disease. A 
different methodology for studying phagocytosis also should be attempted before we 
conclude that this endpoint is insensitive to carbaryl. 
Finally, the primary degradation product of carbaryl is 1-naphthol which also has 
been detected following estuarine carbaryl applications. This compound is toxic to fish 
and other species with LD50' s in the same range as carbaryl. Knowledge of the effects of 
this compound in the estuarine environment is needed. 68 
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A.1. Verification of linear reaction rate for radiometric acetylcholinesterase 
assay. Plot of dpm and incubation time for English sole brain tissue. 
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A.2. Calculation of Km and Vmax for English sole brain acetylcholinesterase 
(AChE) with accompanying double reciprocal plot. 
[S] =-umols/m1  dpm  V =umols/min  1/[S]  1/V 
30  4456  0.07864  0.033  12.72 
6  14726  0.05197  0.167  19.24 
1.2  66549  0.04698  0.833  21.29 
0.24  159057  0.02246  4.167  44.53 
0.048  166025  0.00469  20.833  213.32 
slope (Km/Vmax) = 9.576 
y-intercept (1/Vmax) = 12.363 
x-intercept (-1/Km) = -1.291 
Km (mM) = 0.775 
Vmax (umols/min) = 0.081 81 
A.3. Validation study for analysis of carbaryl and 1-napthol in sea 
water by IIPLC. Samples spiked to 1.0 ug/ml and analyzed 
according to SOPCM0.14. 
Sample matrix (sea water) laboratory fortification run, 10/02/96 
sample  carbaryl (ug/ml)  1-naphthol (ug/ml) 
1  1.01  1.06 
2  1.03  1.02 
3  1.01  1.02 
4  1.01  1.03 
5  1.01  1.04 
6  1.01  1.04 
7  1.01  1.03 
mean:  1.01  1.03 
std dev:  0.0061  0.0132 
95% CI:  0.0045  0.0098 82 
A.4. Validation study for analysis of carbaryl and 1-napthol in sea 
water by HPLC. Samples spiked to 0.1 and 0.01 ug/ml and 
analyzed according to SOPCM0.14. 
Sample matrix (sea water) laboratory fortification run, 10/09/96 
samples spiked to 0.1 ug/ml 
sample #  carbaryl (ug/ml)  1-naphthol (ug/ml) 
1  0.114  0.117 
2  0.111  0.111 
3  0.0943  0.0858 
mean :  0.1064  0.1046 
st dev :  0.0106  0.0166 
95% CI:  0.0120  0.0187 
samples spiked to 0.01 ug/ml 
sample #  carbaryl (ug/ml)  1-naphthol (ug/ml) 
1  0.0104  0.0103 
2  0.00999  0.0118 
3  0.00924  0.0115 
mean :  0.009877  0.011200 
st dev :  0.000588  0.000794 
95% CI :  0.000666  0.000898 83 
A.S. Validation study for analysis of carbaryl and 1-napthol in sediment by HPLC.
 
Samples were analyzed according to SOPCM0.14 and SOPCM0.15.
 
Sample matrix (sediment) laboratory fortification run, 10/09/96 
iked with 200 ul 1.0 u  std = 0.2 u 
Carbaryl  1-Naphthol 
sample  area  ug/g  % recovery  area  ug/g  % recovery 
1  2950  0.200  100%  2850  0.095  48% 
95% 2  2790  0.189  2947  0.099  50% 
3  2891  0.196  98%  3282  0.110  55% 
4  2802  0.190  95%  3064  0.103  52% 
5  3200  0.217  109%  2911  0.098  49% 
mean :  2927  0.1984  99%  3011  0.1010  51% 
st dev :  166  0.0113  170  0.0058 
iked with 200u1(10 u  stdl = 2 u
 
Carbaryl  1-Naphthol
 
sample  area  ug/g  % recovery  area  ug/g  % recovery 
1  21891  1.514  76%  27959  0.975  49% 
2  21080  1.460  73%  28173  0.982  49% 
3  23519  1.622  81%  30697  1.066  53% 
4  23555  1.624  81%  32571  1.127  56% 
5  24294  1.673  84%  35150  1.212  61% 
mean :  22868  1.5786  79%  30910  1.0724  54% 
st dev :  1330  0.0882  3041  0.1002 
spiked with 200u1 (100 ug/g std) = 20 ug/g 
Carbaryl  1-Naphthol 
sample  area  ug/g  % recovery  area  ug/g  % recovery 
1  251015  16.080  80%  428336  13.514  68% 
2  271962  17.369  87%  446479  14.054  70% 
3  292618  18.639  93%  469240  14.731  74% 
4  293762  18.710  94%  494005  15.468  77% 
mean :  277339  17.6995  88%  459515  14.4418  72% 
st dev :  20207  1.2431  28438  0.8462 84 
A.6. Pilot study determining time until maximum decrease of English sole brain 
AChE activity after an oral carbaryl exposure, 7/29/98. Pellets were spiked 
with an acetone solution of carbaryl and administered by oral gavage. 
exposure  pellet  AChE  % of  % 
fish #  time (hrs)  concentration (ug/g)  activity (dpm)  control  inhibition 
7  3  0  54127  94%  6% 
1  3  10  52694  92%  8% 
12  3  10  60140  105%  -5% 
9  3  100  61646  107%  -7% 
14  3  100  52180  91%  9% 
5  3  1000  35473  62%  38% 
8  3  1000  38379  67%  33% 
3  6  0  60754  106%  -6% 
2  6  10  62408  109%  -9% 
10  6  10  67080  117%  -17% 
4  6  100  63555  111%  -11% 
11  6  100  57896  101%  -1% 
13  6  1000  37757  66%  34% 
6  6  1000  36625  64%  36% 85 
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This method is for the quantitation of acetylcholinesterase activity in fish brain 
tissue. It is a competitive radiometric assay utilizing a tritiated substrate. 
MATERIALS AND EQUIPMENT: 
scintillations counter  glass tissue homogenizer 
7 ml scintillation vials  dissecting equipment 
0.1M sodium phosphate  0.05M potassium phosphate 
acetylcholine iodide (AChI)  tritiated ACM 
scintillation cocktail  stop solution 
2 ml storage vials  repipettor 
PROCEDURE: 
1. Brain tissue is first isolated by cutting the optic nerves and spinal cord at their brain 
origin. Brain tissue is extracted with tweezers, weighed, and placed in a ground glass 
tissue homogenizer chilled on ice. An appropriate amount of 0.1M NaPO4 buffer for a 1­
5 dilution is added and the tissue homogenized on ice for roughly 2 min. The extract is 
then transferred to a labeled 2 ml storage vial and placed on ice in preparation for 
immediate analysis. 
2. The substrate is made up daily by combining 0.5 ml 24 mM ACM, 1.5 ml 0.05M KPO4 
buffer, and 10 ul 3H ACM (Dupont/NEN #NET-113 reconstituted in 1 ml ddH2O). The 
substrate contains 6mM ACM and 5 uCi/m13H ACM. 
3. A 5 ul tissue sample is added to a 7 ml scintillation vial, and the volume brought up to 
80 ul with KPO4 buffer. Two blanks receive 80 ul KPO4 buffer. A tissue pool is run as an 
internal standard, and all samples are run in duplicate. 
4. 20 ul of substrate is then added to each vial, and the samples are vortexed and incubated 
for 1 min. The final concentration of substrate in the reaction volume is 1.2 mM ACM and 
1 uCi/m13H ACM (0.1 uCi total). Two vials receive substrate only and are used for 
determining total counts. 
6. The reaction is stopped at one minute by adding 100 ul of stop solution and vortexed. 
7. 5 ml of liquid scintillation cocktail is added. The vials are capped and shaken 
vigorously, and counted in a scintillation counter. 
8. Enzyme activity is calculated in umols ACM hydrolyzed/min 
umols/min =
 
(dpm) * [(1.2 umols/ml * 0.1 ml) / (dpm of totals)]
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REAGENT PREPARATION: 
Substrate :  2 ml (6 mM ACM) + 10 ul (1000 uCi/m13H ACM) 
6 mM 'cold' Acetylcholine Iodide (ACM) : 
Make a 24 mM stock solution by diluting 65 mg ACM 
sigma #A7000 ) in 10 ml KPO4 buffer. Dilute 0.5 ml 
of the 24 mM stock into 2 ml KPO4 = 6 mM cold ACM. 
3H Acetylcholine Iodide (Dupont-NEN, #NET-113, 1 mCi): 
reconstitute in 1 ml ddH2O = 1000 uCi/m1 
Stop Solution 
23.6 g chloroacetic acid (1 M)
 
5 g NaOH (0.5 M)
 
29.2 g NaC1 (2 M)
 
bring up to 250 ml with ddH2O
 
Scintillation Cocktail 
5 g PPO 
0.3 g POPOP
 
100 ml isoamyl alcohol
 
bring up to 1000 ml with toluene
 
OR
 
100 ml PPO-POPOP
 
200 ml isoamyl alcohol
 
1700 ml toluene
 
KPO4 buffer (0.05M, pH = 7.0) 
1M stock = 39 ml 1M KH2PO4 (monobasic) 
61 ml 1M K2HPO4 (dibasic) 
adjust pH to 7.0 
(add dibasic to raise pH, monobasic to lower) 
0.05M KPO4 = dilute 10 ml (1M stock) with 190 ml ddH2O 
1M KH2PO4 (monobasic) 
136.1 g KH2PO4 (anhydrous) 
bring up to 1000 ml with ddH2O 
1M K2HPO4 (dibasic) 
174.2 g (anhydrous)
 
bring up to 1000 ml with ddH2O
 89 
NaPO4 buffer (0.1M, pH = 8.0) 
95 ml dibasic 
5 ml monobasic 
pH to 8.0 using dibasic to raise, monobasic to lower 
0.1M NaH2PO4 (monobasic) 
2.40 g NaH2PO4 brought up to 200 ml with ddH2O 
0.1M Na2HPO4 (dibasic) 
2.84 g Na2HPO4 brought up to 200 ml with ddH2O 
REFERENCES 
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Health Lab, RTP, North Carolina. 90 
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This procedure is for the isolation and purification offish macrophages, and 
quantitative analysis of their killing activity. Density gradient centrifugation and adherence 
to glass are used to obtain a population of macrophages. A suspension of yeast is added, 
and a phagocytic index calculated based on macrophage phagocytosis of the yeast. 
MATERIALS AND EQUIPMENT
 
dissecting equipment  glass petri dish 
25 um nytex screen  Percoll 
L-15 Liebovitz media  fetal bovine serum 
24 well tissue culture plate  hemacytometer 
trypan blue  heparin 
12 mm diameter glass cover slip  phosphate buffered saline 
commercial Baker's yeast  plastic sterile pipets 
15 ml polystyrene conical tubes  centrifuge 
methanol  Geimsa stain 
light microscope  Vacuum flask apparatus 
Hank's balanced salt solution (HISS) 
CELL PREPARATION AND SUSPENSION 
1. A nylon sieve is prepared by placing a 25 um nytex screen over an autoclaved glass 
petri dish containing 5 ml tissue media, securing the screen with a rubber band. 
2. 1.06 g/ml Percoll is prepared by adding 21.6 ml Percoll, 5 ml 10X HBSS, and 23.4 ml 
ddH2O. A Percoll gradient is prepared by adding 2.5 ml Percoll (density = 1.06 g/ml) to a 
15 ml conical tube. 
3. Fish are killed by severing the spinal cord. The anterior kidney is removed and 
separated by massaging it through the nylon screen with a glass rod. 
4. This suspension is then gently layered onto the Percoll gradient and centrifuged at 400g 
for 30 min at 4°C. 
5. The layer at the interface of the Percoll and media is then removed with a sterile pipet, 
washed in 5 ml media and pelleted by centrifugation. 
6. The supernatant is removed and the pellet resuspended in 1-2 ml L-15 media. An 
aliquot is tested for viability with trypan blue, a cell count made using a hemacytometer, 
and the suspension adjusted to 107 cells/ml. 93 
PHAGOCYTOSIS ASSAY
 
1. 150 ul of the cell suspension is added to a 12 mm diameter cover slip in a 24 well tissue 
culture plate. Macrophages are allowed to adhere to the coverslip for 60 min at 15°C. 
Non-adherent cells are rinsed off with 3 washings of PBS. 
2. Heat killed yeast at a concentration of 5*107 yeast/ml is resuspended in fresh media 
immediately before use. 500 ul is added to each well and the suspension incubated at 
15°C for 60 min. 
3. Non-phagocytized yeast are washed off with 3 washings of PBS. The cover slips are 
air dried, fixed in methanol for 5 min. and stained 5 min. with Geimsa stain. 
4. Cover slips are removed, and allowed to dry overnight in the dark. They are mounted 
on a labeled microscope slide and examined by light microscopy under oil immersion. 
5. Phagocytosis is quantitated by counting the percentage of cells out of 100 engulfing 
yeast, and by calculating the average number of yeast phagocytized by 100 active cells. 
Comparisons between populations are made by Student's t-test. 
REAGENT PREPARATION 
Media (1L) 
L-15 Liebovitz media with glutamine added (powder, 1L) 
1 ml fetal bovine serum 
10,000 Units heparin 
pH = 7.4; sterilized with 0.22 um filter 
PBS (1L) 
8.0 g NaC1
 
200 mg KH2PO4
 
1.15 g Na2HPO4
 
200 mg KC1
 
133 mg CaCl2*2H20
 
100 mg MgC12*6H20
 
pH = 7.4; sterilized with 0.22 um filter
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This method is for the quantitation of carbaryl and 1-naphthol by HPLC utilizing a 
UV detector. Samples are filtered and/or purified before injection and quantified from an 
external standard curve. 
MATERIALS AND EQUIPMENT 
Hewlett-Packard 1050 Series Isocratic Pump
 
Beckmen Ultrasphere C18, 4.6 X 70 mm analytical column
 
Variable Wavelength UV-detector
 
Autosampler
 
HP Series Chemstation software
 
0.5 um precolumn filter 
2.0 ml crimp-top autosampler vials
 
Vacuum flask filtration apparatus with 0.45 um nylon
 
filter membrane
 
Omnisolve, glass distilled Methanol
 
Omnisolve, glass distilled Acetonitrile
 
HPLC grade water
 
Helium, grade 5.0
 
Nitrogen
 
Carbaryl and 1-naphthol certified standards
 
INSTRUMENT OPERATING PARAMETERS 
Mobile Phase - 51% methanol, 49% ddH2O
 
Isocratic pump flow rate - 0.5 ml/min
 
Injection volume - 10 ul
 
Wavelength - 210 nm
 
Stop time - 15 min
 
Post time - 5 min
 
STANDARDS 
1. Primary Stock Standards - replenished every 6 months 
a) Carbaryl 1000 ug/ml in methanol - certified ± 
0.5% Absolute Standards part #70499); CAS# 63-25-2 
b) 1-Naphthol 1000 ug/ml in methanol - certified ± 
0.5% (Absolute Standards part # 71239); CAS# 90­
15-3 98 
c) 4-Bromo-3,5-dimethyl N-methyl-Carbamate (BDMC) 
98% purity; (Aldrich cat.# 34694-2); CAS# 672-99-1 
2. Standard Solutions 
a) Dilutions of the primary standard solutions are 
composed of both analytes, carbaryl and 1­
naphthol, in methanol. Dilutions are made to 
create stock standards ranging from 100 ug/ml ­
0.1 ug/ml with typically three calibration points 
per order of magnitude. They are stored at 4°C 
and brought up to room temperature before use. 
These standards are replenished every 1-2 mos from 
the primary stock standard solutions. 
b) Working standards are made up daily from the 
stock solutions described in (a). Ten-fold 
dilutions are made directly in autosa  ler vials. 
Working standards are made up in aci I ied ddH2O
(pH 3.0) for water samples and in methanol for 
sediment extracts. A 3-5 point calibration curve
is typically used ranging from 50 ug/ml - 0.01 
ug/ml depending on suspected unknown 
concentrations. 
c) BDMC is dissolved in methanol: 0.10 g.--> 100 ml =
1000 ug/ml. It is used as an internal standard for
sediment extractions. BDMC is added to the working 
standards for sediment analysis. 
SAMPLE PREPARATION 
1.  Seawater samples are filtered with a 0.45 um syringe 
filter into a labeled autosampler vial. The filter and 
syringe are first prewashed with 5 X 1.5 ml aliquots of the 
sample. 
2.  Sediment samples are first extracted and purified before 
injection (see SOP for extraction of carbaryl and 1-naphthol 
from sediment). 
SAMPLE ANALYSIS 
1. System preparation 
a) The mobile phase is first filtered with a 0.45 um 
47 mm nylon filter membrane with a vacuum flask 
apparatus. It is then vigorously degassed with 99 
Helium for at least 10 min. 
b) Helium flow is decreased to a trickle, the pump is 
initiated, and the detector lamp turned on. 
c) The system is allowed to equilibrate for at least 30 
min before analysis. Pressure should be roughly 1180 
psi, and the baseline smooth and level at attn -3 
over 10 min before the first injection. 
d) The autosampler is loaded with calibration standards 
in ascending order, unknowns, and check standards. 
e) Chemstation software is then programmed accordingly 
to receive each run. 
2. System Shutdown 
a) Thoroughly flush system with degassed ddH2O. 
b) Run 10 column volumes of filtered, degassed 20% 
acetonitrile in ddH2O through system before storing. 
CALCULATIONS 
1. A linear regression based on peak areas of the standard 
calibration curve will be generated for each batch run. 
Unknown peak areas will be calculated directly from the 
regression line automatically by the Chemstation 
software. Unknowns will be reported in ug/ml. 
2 Samples with peak areas above the calibration curve will 
be diluted appropriately and rerun. Samples below the 
curve will be reported as such if at the limit of 
detection (= 0.01 ug/ml) or rerun against a lower 
curve. 
QUALITY CONTROL 
1. Check standards at concentrations from the interior of 
the curve will be injected along with a solvent blank 
following the calibration curve, at six sample 
intervals, and at the end of the run. Retention times 
may need to be corrected from these standards as the run 100 
progresses. 
2. A field matrix laboratory fortified sample and matrix
 
blank will be carried through the preparation/extraction
 
process and injected among the unknowns.
 
3. Run performance will be based on the linearity of the
 
calibration curve (r2 > .98), concentrations reported
 
from check standards (±20%), and the retention time of
 
unknown peaks (<5% ±1 min) window from previous standard
 
injection. Batch runs with greater deviations will be
 
documented and possibly rerun.
 
VALIDATION 
The method will be validated by an n=7 field matrix laboratory fortification run 
which will produce percent recovery data and recovery confidence intervals for both water 
and sediment samples. 
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This procedure is for the extraction and purification of carbaryl and 1-naphthol 
from sediment samples. Samples are extracted with acetonitrile and filtered in preparation 
for analysis by HPLC. Each sample is spiked with an internal standard as part of quality 
control. 
MATERIALS AND EQUIPMENT 
top loading balance 
35 ml glass centrifuge tubes 
Pasteur pipets, baked at 350°C 
4-Bromo-3,5-dimethyl N-methyl-Carbamate (BDMC) 
sonicator 
centrifuge 
rotary evaporator with water bath 
250 ml evaporating flasks 
C18 BAKERBOND spe columns (500 mg, 6 ml) 
vacuum elution system 
vortex mixer 
20 ml glass vials 
nitrogen evaporator 
sodium sulfate powder, baked at 3500C 
Omnisolve, glass distilled acetonitrile 
Omnisolve, glass distilled methanol 
ethylen glycol 
0.45 um syringe filter 
1 ml Class A volumetric flasks 
2.0 ml crimp-top autosampler vials 
PROCEDURE 
1.  Add approximately 2-3 g. wet sediment sample to 35 ml centrifuge tube noting 
exact weight. (A similar sample is placed in a drying oven (in hood) to determine % dry 
weight.) Samples are then spiked with 100 ul of an internal standard, (100.0 ug/ml 
BDMC), vortexed, and allowed to equilibrate for 30 min. 
2.  Oven dried sodium sulfate is added at 5g/g sample. The sample is mixed with a 
metal spatula until it is dry and without clumps. 
3.  Add 15 ml acetonitrile (Omnisolve, glass distilled). Using a sonic probe, each 
sample is sonicated for 3 min. at maximum allowable power. The probe is washed 2X 
with methylene chloride and dried between samples. Samples are then centrifuged for 15 
min. at 2500 rpm and the supernatant transferred to a 250 ml evaporating flask using a 
baked out pasteur pipet. 104 
4.  Break up the pellet and repeat step 3 adding supernatant to corresponding 
evaporating flask. 
5.  Assemble flasks onto rotary evaporator (vacuum at 27 "Hg) and evaporate 
samples down to 2 ml. Rinse neck of the rotary evaporator between samples inside and 
out with methylene chloride and dry. 
6.  Prepare C18 BAKERBOND spe columns (500 mg, 6 ml) by rinsing with 10 ml 
acetonitrile. Prepare 20 ml receiving vials containing 100 ul ethylene glycol. Then 
transfer the 2 ml samples with a baked out pasteur pipet to respective spe columns and 
elute under vacuum (approx -5 in. Hg.). This is followed by two 1 ml rinses of the 250 ml 
flasks with acetonitrile which are also applied to the column. Finally a 4 ml portion of 
acetonitrile is applied directly to the column giving a total volume of roughly 8 ml. Each 
application to the column should be pulled through before the next is applied. Stop the 
vacuum as soon as portions applied are pulled through the column. 
7.  Evaporate the extracts under a stream of nitrogen down to the 100 ul ethylene 
glycol keeper. 
8.  The extract is then brought up to 1 ml with methanol in a volumetric flask and 
filtered (0.45 um reduced cellulose HP syringe filter) using a glass syringe into a labeled 
autosampler vial, crimping the cap closed. 
9.  Samples are analyzed by HPLC using appropriate calibration and check standards. 
QUALITY CONTROL 
For each set of 10 samples there should be included 5 QC samples for a total of 15 
samples per extraction series. This includes: 
1) one sample run in triplicate 
2) matrix spike to a level in the expected range of the unknowns (200 ul spike 
volume) 
3) matrix blank using 'clean' filtered sediment 
4) procedural blank, i.e. without sediment 
VALIDATION 
The method will be validated by an n=5 field matrix laboratory fortification run 
which will produce percent recovery data and recovery confidence intervals at 
concentrations of 0.1, 1.0, and 10.0 ug/ml. 105 
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